AD 


Award  Number:  W81XWH-07-2-0121 

TITLE:  Proton  Therapy  Dose  Characterization  and  Verification 

PRINCIPAL  INVESTIGATOR:  Zelig  Tochner,  M.D. 

CONTRACTING  ORGANIZATION:  University  of  Pennsylvania 

Philadelphia  PA  19104-6205 

REPORT  DATE:  October  2013 

TYPE  OF  REPORT:  Final 

PREPARED  FOR:  U.S.  Army  Medical  Research  and  Materiel  Command 

Fort  Detrick,  Maryland  21702-5012 

DISTRIBUTION  STATEMENT: 

Approved  for  public  release;  distribution  unlimited 


The  views,  opinions  and/or  findings  contained  in  this  report  are  those  of  the  author(s)  and  should 
not  be  construed  as  an  official  Department  of  the  Army  position,  policy  or  decision  unless  so 
designated  by  other  documentation. 


REPORT  DOCUMENTATION  PAGE 


Form  Approved 
OMB  No.  0704-0188 


Public  reporting  burden  for  this  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching 
existing  data  sources,  gathering  and  maintaining  the  data  needed,  and  completing  and  reviewing  this  collection  of  information.  Send  comments  regarding  this 
burden  estimate  or  any  other  aspect  of  this  collection  of  information,  including  suggestions  for  reducing  this  burden  to  Department  of  Defense,  Washington 
Headquarters  Services,  Directorate  for  Information  Operations  and  Reports  (0704-0188),  1215  Jefferson  Davis  Highway,  Suite  1204,  Arlington,  VA  22202-4302. 
Respondents  should  be  aware  that  notwithstanding  any  other  provision  of  law,  no  person  shall  be  subject  to  any  penalty  for  failing  to  comply  with  a  collection  of 
information  if  it  does  not  display  a  currently  valid  OMB  control  number.  PLEASE  DO  NOT  RETURN  YOUR  FORM  TO  THE  ABOVE  ADDRESS. 

1.  REPORT  DATE  (DD-MM-  2.  REPORT  TYPE  3.  DATES  COVERED  (From  -  To) 

YYYY)  x  Final  26  October  2007  -  30  September 

ivfer  m  cp  0.  /  1  2013 


4.  TITLE  AND  SUBTITLE 

Proton  Therapy  Dose  Characterization  and  Verification  (Phase  4) 
Development  of  Technology  for  Image-Guided  Proton  Therapy  (Phase 
-5) _ 

6.  AUTHOR(S) 

Keith  Cengel  MD  PhD,  Eric  Diffenderfer  PhD,  Derek  Dolney  PhD,  Simon 
Hastings,  Joel  Karp  PhD,  Alexander  Lin  MD,  Rulon  Mayer,  Sergei  Savin, 
Jessica  Sheehan  PhD,  Zelig  Tochner  MD  Amaud  Belard,  LTC  John  O’Connell 
MD 

Email:  tochner(®,uDhs. uDenn.edu 


7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

Trustees  of  the  University  of 
Pennsylvania 

Philadelphia  PA  19104-6205 

9.  SPONSORING  /  MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 


5a.  CONTRACT  NUMBER 

5b.  GRANT  NUMBER 

W8 1 XWH-07 -2-0121 

5d.  PROJECT  NUMBER 

5e.  TASK  NUMBER 
5f.  WORK  UNIT  NUMBER 


8.  PERFORMING  ORGANIZATION 
REPORT 


10.  SPONSOR/MONITOR’S 
ACRONYM(S) 


U.S.  Army  Medical  Research  and  Materiel  Command 
Fort  Detrick,  Maryland  21702-5012 


12.  DISTRIBUTION  /  AVAILABILITY  STATEMENT 

Annroved  for  nublic  release:  distribution  unlimited 


13.  SUPPLEMENTARY  NOTES 


11.  SPONSOR/MONITOR’S 
NUMBER(S) 


14.  ABSTRACT 

This  report  describes  the  final  report  of  work  on  the  award  "Proton  Therapy 
Dose  Characterization  and  Verification"  which  includes  investigation  in  the 
following  areas:  (A)  the  use  of  positron  emission  tomography  (PET)  to  determine 
the  dose  deposited  by  a  therapeutic  proton  beam,  (B)  studies  of  the 
radiobiological  effect  of  proton  therapy,  and  (C)  support  for  matching  patients 
to  clinical  trials.  This  report  also  covers  a  continuation  award  "Development 
of  Technology  for  Image-Guided  Proton  Therapy"  that  focuses  on  transferring 
technology  currently  in  conventional  radiotherapy  systems  to  the  proton 
treatment  rooms,  especially  that  technology  related  to  daily  patient 
localization.  A  component  of  both  of  these  awards  also  supports  the  work  done 
by  the  Walter  Reed  Army  Medical  Center  scientists. 

15.  SUBJECT  TERMS 

Radiation  Oncology,  Proton  Therapy,  Image-Guided  Radiotherapy,  PET 


16.  SECURITY  CLASSIFICATION  OF: 


a.  REPORT  b.  ABSTRACT  c.  THIS  PAGE 

u  u  u 


17. 

LIMITATION 

OF 

ABSTRACT 

UU 


19a.  NAME  OF  RESPONSIBLE 


NUMBER  PERSON 


OF 

PAGES 


USAMRMC 

19b.  TELEPHONE  NUMBER 

(include  area  code) 


Standard  Form  298  (Rev. 
8-98) 


Table  of  Contents 


Cover:  1 
SF  298:  2 

Table  of  Contents:  3 
Introduction:  4 

Body:  5-97 

Key  Research  Accomplishments:  97-101 

Reportable  Outcomes:  101-102 
Conclusions:  102-105 
References:  105-114 
Appendices:  115-159 


3 


INTRODUCTION 


The  overall  goal  of  this  multi-year  research  project  in  collaboration  with  the  Walter  Reed 
Army  Medical  Center  is  to  develop  the  necessary  technology  to  make  the  Roberts 
Proton  Therapy  Center  in  Philadelphia  the  most  advanced  proton  radiotherapy  center. 
Award  #  W81XWH-07-2-0121  comprises  phases  4  and  5  of  this  endeavor  and  consists 
of  the  following  projects: 

Phase  4 

A.  Positron  Emission  Tomography  (PET)  of  proton  beams  to  verify  dose 

deposition 

1 .  PET  Detector  Development:  Design  a  PET  scanner  optimized  for  the 
application  of  verifying  the  dose  distribution  deposited  by  proton  therapy 
beams.  This  includes  detector  selection,  electronic  and  mechanical 
engineering,  data  acquisition,  and  reconstruction  software. 

2.  Cross-section  measurements:  Measure  positron-emitting  isotope 
production  from  the  primary  elements  found  in  tissue  and  compare  to 
the  GEANT4  Monte  Carlo  simulation  program. 

3.  Determination  of  elemental  composition:  The  verification  of  the  dose 
distribution  cannot  be  done  directly  because  the  production  of  isotopes 
is  not  easily  related  to  the  dose  deposited.  Instead  a  Monte  Carlo 
simulation  program  is  used  to  calculate  both  dose  deposited  and 
isotopes  produced  and  the  latter  is  compared  to  the  measured  value.  It 
is  critical  that  the  correct  elemental  composition  be  used  in  the 
simulation  for  this  comparison  to  work.  We  are  investigating  how 
additional  imaging  methods,  such  as  dual-energy  CT,  can  help 
determine  the  composition. 

B.  Radiobiology  and  microdosimetry  of  proton  beams 

1 .  Radiobiology  studies  in  the  proton  beam:  Develop  techniques  to 
measure  the  radiobiological  effectiveness  of  the  proton  beam. 

2.  Microdosimetry  studies  in  the  proton  beam:  Build  proportional  chambers 
to  measure  the  linear  energy  transfer  in  a  proton  therapy  field. 

Phase  5 

A.  Apply  state-of-the-art  localization  methods,  including  cone-beam  CT 
and 

B.  implanted  radiofrequency  beacons,  currently  used  in  conventional 
radiotherapy  to  proton  radiotherapy. 

C.  Develop  a  computer  program  to  maximize  the  efficiency  of  the  proton 

facility. 
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BODY 


Tissue  Heterogeneity 


INTRODUCTION: 

Megavoltage  protons  can  deliver  radiation  therapy  with  great  spatial  precision.  However, 
planning  the  radiation  dose  depends  on  knowing  the  electronic  density  of  the  materials 
(Schneider  et  al  1996,  Schaffner  et  al.  1 998,  Moyers  et  al.  2010)  exposed  to  radiation  as  well  as 
being  able  to  accurately  treatment  plan  based  on  measuring  a  variety  of  materials  (Pflugfelder 
et  al.  2007,  Szymanowski  et  al.  2002),  Sawakuchi  et  al.  2008).  Actual  empirical  testing  has 
mostly  been  limited  despite  a  number  of  issues  regarding  tissue  heterogeneity  and  proton 
treatment  plan.  Specifically,  the  distal  edge  of  the  Bragg  peak  (Chevstov  et  al.  2010)  can  be 
affected  by  inability  to  account  for  tissue  heterogeneities.  In  addition,  the  Linear  Energy  Transfer 
(LET)  due  to  protons  depositing  energy  within  heterogeneous  materials  has  been  confined  to 
Monte  Carlo  calculation  without  experimental  verification.  This  research  effort  compares  the 
measured  and  expected  doses  over  areas  using  radiochromic  film.  The  technology  developed 
by  this  research  is  leveraged  for  measuring  radiation  dose  and  LET  within  heterogeneous 
materials  within  a  phantom.  These  measured  doses  will  be  compared  to  the  dose  distribution 
from  the  x-ray  and  proton  treatment  planner.  The  LET  distribution  within  heterogeneous 
materials  will  be  compared  to  Monte  Carlo  calculations. 


1.  Experimental  exposure  of  heterogeneous  phantom  to  protons 

A  phantom  was  constructed  to  examine  the  dose  distribution  of  protons  in  heterogeneous 
materials.  Specifically  acrylic  plates  were  drilled  and  delrin  (to  simulate  bone)  and  cork  (to 
simulate  lung)  plugs  and  unplugged  (air  cavity)  were  press  fitted  into  the  acrylic  (see  below). 
The  goals  were  to  experimentally  test  the  predicted  and  distal  edges  for  proton  beams 
bombarding  heterogeneous  materials  and  also  examine  the  predicted  and  measured  LET 
distributions  within  heterogeneous  materials.  Anthropomorphic  material  phantoms  have  been 
built  and  tested  for  proton  therapy  (Grant  et  al.  2009)  and  found  shifts  in  Bragg  peaks  and  small 
differences  in  proton  stopping  power. 


Delrin  Cork  Air 
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Proton  treatment  plans  were  remotely  planned  from  Walter  Reed  that  deposited  the  Bragg 
peaks  beyond  inserted  materials  (to  test  position  of  distal  edge)and  also  deposited  the  beams 
within  the  heterogeneous  materials  (to  test  LET  within  the  materials).  Examples  of  plans  for 
protons  exposing  Delrin  for  both  long  and  short  range  are  shown  below. 


Delrin  Long  Range  (Bragg  Peak  beyond  Delrin  plug)  Delrin  Short  Range  (Bragg  peak  inside  plug) 

Note  the  Bragg  peaks  but  also  the  bowing  and  distortion  at  the  end  of  the  proton  range  that 
shortens  the  distal  edge  distance.  In  the  case  of  cork  and  air,  the  bowing  will  be  displaced  in  the 
opposite  direction  toward  a  longer  proton  range.  Similar  plans  were  generated  for  cork,  air  gap 
and  pure  acrylic. 

The  University  of  Pennsylvania  Proton  Pencil  Beam  exposed  the  radiochromic  film  sandwiched 
between  slabs  of  the  heterogeneous  phantom.  The  radiocrhomic  film  darkening  was  converted 
to  dose  using  the  procedures  outlined  previously. 


Cork  Long  Range  (Bragg  Peak  beyond  Delrin  plug)  Cork  Short  Range  (Bragg  peak  inside  plug) 

Radiochromic  film  was  exposed  to  protons  imposing  on  the  cork,  delrin,  air  plugs.  The  measure 
dose  distribution  and  treatment  plans  will  be  compared  at  the  pixel  level  as  described  earlier. 
The  LET  from  MC  calculations  (from  U  of  Pennsylvania)  will  also  be  generated  and  compared  to 
the  measured  dose  distribution,  as  described  earlier. 

2.  CT  Hounsfield  distribution  from  inorganic  materials  and  its  affect  on  proton  plans  and 
measurements, 

Proton  telemedicine  has  not  addressed  the  issue  of  compatible  CT  scanners  for  patients 
scanned  at  one  institution  but  treated  elsewhere.  Compatible  scanners  will  eliminate  the  need  to 
scan  the  patient  multiple  times  and  reduce  the  patient’s  radiation  exposure.  Proton  treatment 
planning  requires  correctly  associating  CT  Hounsfield  numbers  with  proton  stopping  power.  A 
general  procedure  was  developed  by  Schneider  (Schneider  et  al  1996,  Schaffner  et  al  1998, 
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Moyers  et  al.  2010)  to  calibrate  CT  imagers  for  proton  treatment  planning  systems.  It  was  noted 
by  Schneider  and  verified  by  others  that  an  appropriate  look  up  table  for  synthetic  materials 
(such  as  acrylic,  delrin,  cork)  differs  from  tissues.  The  phantoms  described  above  an  exposed  to 
protons  are  synthetic.  So  an  appropriate  look  up  table  may  need  to  be  generated. 

In  addition,  remote  proton  plans  generated  at  Walter  Reed  used  Walter  Reed  CT  scans,  not 
those  from  University  of  Pennsylvania.  Currently  the  University  of  Pennsylvania  treatment 
planning  system  uses  the  calibration  taken  from  University  of  Pennsylvania  CT  scanners.  To 
help  evaluate  the  possible  differences  in  look  up  tables,  the  Walter  Reed  CT  scanner  imaged  a 
set  of  standard  phantoms  with  plugs  having  known  compositions  using  a  common  procedure 
(i.e.  120  keV  energy  used  for  U  of  Pennsylvania  and  Walter  Reed).  The  average  CT  number 
within  each  plug  (with  known  composition)  was  determined  using  the  CT  images.  These  plugs 
have  a  well  defined  density,  average  electronic  number,  parameters  that  govern  the  x-ray 
scattering  from  Compton  scattering,  photoelectric  effect,  and  coherent  scattering  within  the  CT 
scanner.  From  numerical  fitting,  it  is  found  that  the  A,  B,  C  parameters  (associated  with 
photoelectric  effect,  coherent  scattering,  and  Compton  Scattering  are: 


A(WR)  =0.000281  +/-  0.000974 

VS 

A(Penn)=0. 00034  +/-  0.0016 

B(WR)=3.96  +/- 0.199 

vs. 

B(Penn)=3.84  +/-  0.21 

C(WR)=859.3  +/-  5.09 

vs. 

C(Penn)=862.5  +/-  5.09 

These  parameters  can  be  applied  to  tissues  with  known  compositions  to  generate  a  calculated 
CT  Hounsfield  numbers.  In  turn,  the  relative  proton  stopping  power  for  a  given  proton  energy 
can  be  computed  using  the  Bethe-Bloch  equation  for  each  of  these  materials  and  the  average 
ionization  energies.  The  Walter  Reed  and  University  of  Pennsylvania  look  up  tables  Proton 
stopping  power  (at  115  MeV)  and  CT  Hounsfield  numbers)  are  compared  below  (at  various 
degrees  of  magnification). 


Hounsfield  (WR) 
Hounsfield  (Penn) 


0.4  0.6  0.8  1.0  1.2  1.4  1.6 
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The  agreement  is  so  close  between  Walter  Reed  and  Penn  that  it  is  difficult  to  discern  a 
difference  based  on  observing  the  graphs,  even  after  magnifying  the  graphs.  Small  differences 
may  be  anticipated  because  the  fitted  parameters  agree  with  each  within  the  error  bars. 

Such  a  calculation  will  hopefully  avoid  the  need  for  multiple  CT  scans  of  the  patient  (at  Walter 
Reed  and  University  of  Pennsylvania).  In  addition,  the  machinery  and  analysis  will  be  applied  to 
synthetic  materials  and  help  validate  the  treatment  planning  procedure  for  these  useful 
materials. 


7 


Unear  Energy  Transfer 


INTRODUCTION: 

Effective  treatment  of  tumors  depends  on  preferentially  delivering  radiation  to  the  targets  and 
minimizing  the  dose  to  sensitive  organs.  Due  to  the  Bragg  peak  (Bragg  1904),  high  energy 
(mega  electron  volts)  protons  more  selectively  deliver  maximal  doses  into  desired  areas  with 
reduced  radiation  at  the  distal  and  proximal  regions  relative  to  photons.  The  high  dose  regions 
are  attributed  to  protons  slowing  down  near  the  end  of  the  range.  These  slowing  protons  deliver 
doses  within  a  short  distance  that  yield  a  high  Linear  Energy  Transfer  (LET).  The  high  rate  of 
energy  deposition  within  short  distances  has  been  correlated  with  high  biological  lethality 
(Paganetti  2003,  Grassberger  et  al  2011a,  Grassberger  et  al  2011b).  Until  recently,  direct 
measurement  of  LET  is  accomplished  only  using  point  dosimeters  through  specially  designed 
and  configured  ionization  chambers.  Specifically,  current  techniques  measure  LET  use  tissue- 
equivalent  proportional  counters  (Kohno  et  al  2000),  solid-state  spectrometers  (Borak  et  al 
2004)),  and  other  methods  (Sawakuchi  et  al  2010,  Spurny  et  al.  2004).  Preliminary  proof  of 
principle  studies  (Gustavsson  et  al.  2004,  Lopatiuk-Tirpak  et  al.  2012)  used  a  BANG  gel  to 
explore  the  possibility  of  measuring  LET  over  extended  volumes.  This  study  has  developed  a 
method  to  measure  the  LET  deposited  by  a  proton  beam  over  extended  areas  using  a  film 
dosimeter  (radiochromic  Gafchromic  EBT2  film).  Although  the  radiochromic  film  is  equally 
sensitive  to  most  kinds  of  radiation,  this  film  sensitivity  is  diminished  for  radiation  having  large 
LET  (Vanitsky  1997,  Zhao  et  al.  2010,  Arjomandy  et  al.  2012,  Suchowerska  et  al.  2001). 

BODY: 

Background: 

Radiochromic  film  EBT2  (ISP)  (Figure  1)  is  composed  of  a  single  sensitive  polymer  layer  (28 
microns)  sandwiched  between  protective  sheets.  The  radiochromic  film  is  essentially  a  two- 
dimensional  detector.  Ionizing  radiation  initiates  polymerization  within  the  sensitive  layer  and 
promotes  film  darkening.  The  film  is  scanned,  digitized  and  the  darkening  correlated  with  dose. 
The  sensitive  layer  is  sufficiently  thin  to  miss  capturing  all  the  desired  particles.  High  LET 
radiation  with  limited  range  may  result  in  under  detection  of  dose.  Specifically,  if  a  proton 
reaches  the  end  of  its  range  within  the  supporting  materials  instead  of  depositing  its  dose  (and 
ionizing  the  polymer),  results  in  undetected  dose. 
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Schematic  showing  supporting  and 
detection  layers  for  EBT2  “ 

radiochromic  film 


Polyester  Laminate  50 _ 

Adhesive  Laver  25  microns 

Polyester  Base  175  microns 


q  Detected  Dose 

•  Un Detected,  Missed  Dose 
(Quenching) 


Figure  1  Schematic  depicting  high  LET  particles  and  reduced  detected  dose  due  to 
quenching  effect. 

Radiochromic  film  suffers  from  the  “quenching”  effect  for  high  LET  radiation.  The  quenching  is 
observed  especially  when  the  radiation  is  directed  parallel  to  the  film.  This  phenomenon  has 
been  observed  a  number  of  times  but  has  rarely  been  analyzed  or  discussed  in  detail.  More 
importantly,  it  has  only  treated  as  a  nuisance,  rather  than  exploited  for  use  as  an  areal  detector 
for  LET.  Kirby  (Kirby  et  al.  2010)  examined  the  quenching  problem  by  generating  Monte  Carlo 
simulations  for  radiochromic  films  containing  two  sensitive  layers,  not  one  as  in  this  study.  Kirby 
computed  radiochromic  film  quality  factors  and  found  the  relative  proton  stopping  powers  for 
protons  exceeding  1  MeV  was  constant  but  varied  substantially  for  lower  energies,  especially  for 
protons  nearing  the  end  of  their  range.  However,  Kirby  asserted  that  the  quenching  effect  is  due 
to  differences  in  ionization.  Kirby’s  relative  effective  (RE)  factor  may  be  consistent  with 
depending  on  proton  loss  between  the  sensitive  layers  (see  discussion). 

To  quantitatively  account  for  the  quenching  effect,  the  sensitivity  of  radiochromic  film  is  related 
to  the  number  (or  probability)  of  detected  hits  Specifically,  the  Poisson  probability  P(n,s)  of  a  film 
with  thickness  s  receives  n  hits  (or  ionizing  events)  from  a  proton  with  energy  E,  and  LET  is: 


P(n,s )  =  — exp(-/l) 
Where  n' 


} 


(1) 

(2) 


It  is  hypothesized  that  the  relative  sensitivity  (RS)  of  the  radiochromic  film  depends  on  suffering 
at  least  one  (and  possibly  more)  hits  within  the  film  of  thickness  s 


OO  00 

RS  =  Y,P(n,s)  =  £P(n,s)-P(n  =  0,s)=  1  -e"*«  A  (A  « 1) 


(3) 


Photons  have  large  energy  (MeV)  and  low  LET  (0.5  KeV/micron)  resulting  in  large  distances 
between  interactions  (2000  microns  »  28  microns  for  film  thickness).  Therefore  is  large  (70) 
and  implies  a  large  sensitivity  RS  for  x-rays  using  film  (RS=1,  Equation  3). 

For  protons  near  the  end  of  its  range  or  end  of  the  Bragg  peak,  the  story  is  different.  At  the  end 
of  the  range,  a  typical  proton  energy  is  around  100  KeV,  LET  is  higher  (10  keV/micron)  and  the 
interaction  length  I  is  roughly  10  microns,  smaller  than  the  28  microns  and  therefore  -0.30, 
and  RS  is  0.74  (Equation  3),  similar  to  the  findings  in  this  work  and  Kirby  (Kirby  et  al.  2010).  In 
contrast,  extrapolating  from  Vynckier  (Vynckier  et  al  1994),  the  radiochromic  sensitivity  RS  falls 
precipitously  with  high  LET  (LET»1)  and  q~40. 

/i  =  ^ — y  *  {— L (4) 

LET  LET  LET  -1  LET 

To  highlight  the  effects  of  LET,  the  relative  difference  (r)  of  the  calculated  Treatment  Planning 
Dose  (Dtps)  to  the  dose  measured  from  the  radiochromic  media  (DRC) 


D  P(D  -D  1 

r  _  1EjPS  'TLlPS  IfC  >  CJi 

<£W"' 


—  « -  (A  « 1) 

n  /->  t  r  /  v  ' 


and  Dtps,o,  is  a  normalizer,  (-200  cGy  in  this  study).  The  experimental  difference  in  the 
treatment  planning  dose  and  the  measured  dose  (DtPS-Drc)  is  due  to  the  high  LET  for  protons. 
The  residual  proton  energy  E  deposited  within  the  thin  film  occurs  at  the  end  of  the  range  and 
needs  to  be  compensated  and  is  very  crudely  accounted  for  i.e. 


The  protons  continuously  slow  at  the  end  of  their  range  (Vynkier  et  al.  1994)  but  are  not  directly 
accounted  for  in  this  analysis.  It  is  hypothesized  that  the  LET  is  related  to  a  Scaled,  Normalized 
Difference  (SND)  metric 


LET  oc  SND  = 


,  ( /.)//,  Dr 


The  SND  is  computed  (p=0  and  separately  for  p=1)  using  the  registered  treatment  planning  and 
measured  doses  at  every  pixel.  This  processed  quantity  SND  (Equation  7)  is  studied  to  see  if  it 
is  correlated  with  LET  over  a  large  dynamic  range  of  SND  values. 


Methods  (Overall): 


Figure  2  summarizes  the  workflow.  These  ideas  were  tested  using  pencil  beam  dedicated 
nozzle  located  in  the  Roberts  Proton  Therapy  Center.  A  mono-energetic  proton  pencil  beam 
was  directed  parallel  to  radiochromic  film  sandwiched  between  solid  water  slabs.  Varian 
ECLIPSE  (EC)  Treatment  planning  system  calculated  the  proton  dose  deposition  within  solid 
water  phantom.  The  darkening  due  to  the  proton  radiation  was  converted  to  dose  and  the  films 
were  scanned  with  reflective  scanner  (CanoScan  LIDE  700F)  using  calibration  films  (Mayer  et 
al.  1994,  Mayer  et  al.  1995).  To  autonomously  handle  media  imperfections  and  scanner 
illumination  inhomogeneity,  Mayer  (Mayer  et  al.  2012)  and  Micke  (Micke  et  al.  2011)  conceived 
and  tested  a  multichannel  optimization  approach  and  found  significant  improvements  relative  to 
employing  a  single  red  channel.  The  multichannel  approach  uses  all  three  channels  (red,  green, 
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blue)  to  extract  a  single  dose  for  each  pixel.  The  experimentally  determined  dose  distribution 
image  was  spatially  registered  to  the  planned  image  using  fiducial  marks  delineated  using 
Teflon  markers  displayed  in  the  CT  image  and  “tattoos  marked  on  the  radiochromic  film.  The 
SND  of  the  spatially  registered  images  of  the  absolute  planned  dose  and  the  detected  dose 
correlated  with  the  local  LET.  To  validate  this  approach,  Monte  Carlo  simulations  were 
generated  to  emulate  the  experimental  situation.  The  proton  plan  and  radiochromic  film  using 
protons  with  a  range  of  20  cm  and  narrow  and  SOPB  Bragg  peak  was  used  to  generated 
polynomial  fits  corrections  for  all  the  other  films  with  nominal  proton  ranges  of  12.5,  15,  and  20 
cm.  A  central  region  was  summed  for  the  registered  ECLIPSE  treatment  plan  distribution  and 
radiochromic  film  in  the  vertical  direction  to  generate  dose  profiles.  A  polynomial  fit  (of  varying 
degrees)  was  applied  to  the  SND  profiles  and  the  Penn  LET  plan  profile  using  the  proton  with 
20  cm  range.  The  parameters  derived  from  the  20  cm  range  were  then  applied  to  the  other  files. 
Comparative  LET  profiles  of  the  SND  of  the  ECLIPSE  plan  with  the  experimental  dose 
distribution  with  the  Monte  Carlo  LET  simulations.  Gamma  analysis  (Low  et  al.  1998,  Depuyt  et 
al.  2002,  Zeidan  et  al.  2006)  was  computed  for  the  registered  experimental  and  Monte  Carlo 
simulations,  albeit  with  a  wider  LET  acceptance  (25%  of  the  MC  LET,  3  mm.  for  two  spatial 
dimensions)  _ 


Proton  beam  expose 
Radiochromic  (RC)  film 


Figure  2.  Schematic  showing  the  processes  used  to  generate  SND  from  registered  TPS 
dose,  measured  radiochromic  film,  corrections  to  film  and  comparison  to  MC  LET. 

The  proton  plan  (Figure  3)  was  remotely  generated  using  the  ECLIPSE  treatment  planning 
system  located  at  the  University  of  Pennsylvania,  and  CTs  of  the  phantom  were  scanned  at 
Walter  Reed  National  Military  Medical  Center.  The  distribution  shows  the  familiar  Bragg  peak. 
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Protons  collide  with  solid  water  from  the  top.  Radiochromic  film  is  sandwiched  between  slices  of 
solid  water  protons  mostly  traverse  parallel  to  film  surface.  Radiochromic  grey  levels  are 
processed  using  multichannel  optimization  and  registered 


Proton  Exposed, 
Radiochromic  film, 
20  cm  range 


ECLIPSE  Plan 


Radiochromic  Film  SND,  p=0 

(Multichannel  Optimized)  (ECLIPSE/Radiochromic) 


Figure  3:  a)  Unprocessed,  exposed  radiochromic  film,  b)  TPS  dose,  c)  multichannel 
optimized  dose  from  film,  and  d)  SND  (p=0). 


to  the  ECLIPSE  calculation.  The  SNDs  (Equation  7)  of  the  doses  from  the  ECLIPSE  treatment 
plan  and  measured  radiochromic  film  were  computed  and  also  shown  (Figure  3d). 


Proton  distribution  (Figures  3  a,b,c  and 
4)  shows  the  familiar  Bragg  peak  for 
protons  bombarding  a  solid  water 
phantom.  The  deeper  the  proton 
penetration,  the  larger  the  discrepancy 
between  ECLIPSE  calculation  and  the 
dose  measured  with  film.  The  film  is  less 
sensitive  to  areas  receiving  high  LET 
radiation  relative  to  low  LET.  This 
disparity  is  highlighted  in  Figure  4  by 
comparing  SND  (p=0,  multiplied  500 
times)  to  ECLIPSE  and  Radiochromic 
film  dose  profiles  and  strongly 
resembles  the  MC  LET  profile  (see 
below).  Note  the  SND  peak,  similar  to 
the  peak  LET,  is  shifted  distally  relative 
to  the  Bragg  peak. 


Figure  4.  Dose  profiles  for  proton  range  of  20  cm 
from  TPS,  Multichannel  optimized  dose  from 
radiochromic  film,  SND  for  p=0 


Monte  Carlo  Calculation 

A  Monte  Carlo  simulation  (Figure  5a) 
was  computed  with  OpenRT,  an  in- 
house  simulation  package  based  on 
Geant4.  570,  000  primary  protons  per 
spot  were  used  at  92  different  spots, 
which  results  in  52  million  primaries. 
All  particles  were  permitted  down  to 
zero  velocity  except  for  gammas  and 
electrons,  for  which  the  transport 
threshold  was  set  at  100  urn.  The 


o  LET  Monte  Carlo  r \  Masked  LET  Monte 

#  Computation  #  Carlo  Computation 


Figure  5.  a)  Image  of  LET  distribution  generated  by 
Mjpjite  Carlo  calculation  for  protons  having  20  cm  range 
b!  Masked  LET  to  onlv  include  areas  that  set  >  70cGv 


simulation  took  350  processor  hours  split  on  12  processors  with  2.6  GHz  with  4  Gb  RAM  each. 

Figure  5a  shows  the  LET  distribution  for  protons  bombarding  solid  water  from  the  top.  The 
central  region  is  relatively  flat  corresponding  to  high  energy  protons.  Near  the  end  of  the  Bragg 
peak,  the  protons  slow  down  considerably  depositing  energy  over  short  distances  resulting  in 
high  LET.  Outside  the  field,  the  fluence  is  low,  but  the  low  energy  protons  deposit  high  LET 
radiation.  This  study  does  not  examine  these  high  LET  protons  due  to  low  signal  to  noise  for  the 
radiochromic  film.  Figure  5b  shows  a  masked  region  that  delineates  the  actual  area  of  study  and 
only  includes  areas  that  exceed  70  cGy.  Visually,  the  measured  SND  (Figure  5b)  resembles  the 
calculated  LET  (Figure  3d.). 


This  study  assumed  that  the  detection  sensitivity 
only  depended  on  LET  variations  and  hence 
only  on  depth  inside  the  material.  A  key  issue  is 
to  find  the  relationship  between  the  SND  and 
the  LET  profile  generated  by  the  Monte  Carlo 
distribution.  Figure  6  directly  shows  that  SND 
and  MC  LET  are  correlated  and  the  curves  from 
all  proton  ranges  almost  overlap  with  each 
other. 

This  correction  is  applied  to  all  SND  images  and 
gamma  analysis  of  the  deviations  of  the 
corrected  SND  and  the  MC  LET  is  computed. 

Results: 
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Figure  6.  The  LET  and  SND  (p=0) 
relationships  are  shown  for  protons  ranges, 
12.5, 15,  and  20  cm 


Profiles  for  protons  with  ranges  of  20,  12.5,  15  cm  for  MC  LET  as  well  as  polynomial  fit  using  3, 
4,  5  degrees  are  shown  in  the  Figure  7  a,  b,  c  respectively.  The  polynomial  fits  (with  varying 
degrees)  were  generated  from  the  averaged  (in  the  horizontal  direction)  SND  and  LET  profiles 
for  protons  having  20  cm  range.  The  coefficients  from  the  fits  are  then  applied  to  the  processed 
(SND)  radiochromic  film  image 


a. 


> 

0 


■  SND,  p=0 

•  MC  LET,  Range  20  cm 

-a-  Corrected,  3  degrees,  p=0 
Corrected,  4  degrees,  p=0 


f 


f  f 
?.  f 

;i  if. 


10  12  14 


18  20  22 


Distance  (cm) 


b.  c. 


LET  and  Polymial  Corrections,  Proton  Range  12.5  cm 


LET  and  Polymial  Corrections,  Proton  Range  15  cm 


Distance  (cm) 


Distance  (cm) 


Figure  7.  Summed  profiles  along  beam  direction  (vertical,  y  direction  in  figures).  Data  shows  profiles  for  Monte 
Carlo  LET  and  corrections  to  SND  (p=0)  using  3,  4,  5  degrees  in  polynomial  fits.  a).  Figure  for  proton  range  of  20  cm 
b)  Profiles  and  corrections  for  proton  range  of  12.5  cm  using  parameters  from  proton  range  of  20  cm,  Figure  a.  c) 
Profiles  and  corrections  for  proton  range  of  15  cm  using  parameters  from  proton  range  of  20  cm,  Figure  a 
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The  gamma  criterion  is  given  by  3  mm  in  horizontal,  vertical  directions  and  25  %  of  Monte  Carlo 
LET.  Analysis  was  computed  for  the  area  (purple)  of  doses  between  70  cGy  and  200  cGy  from 
the  ECLIPSE  calculation.  The  discrepancies  as  measured  by  gamma  analysis  between  the 
corrected  radiochromic  film  and  Monte  Carlo  LET  were  of  6.65  %  for  protons  having  a  range  of 
20  cm  with  a  narrow  Bragg  peak  (Figure  8)  for  5  degrees  of  freedom  in  the  polynomial  fit  and 
used  the  SND  having  p=0.  The  most  significant  and  largest  differences  in  LET  distribution 
generated  by  the  Monte  Carlo  calculation  relative  to  the  corrected  radiochromic  film  appear  at 
the  proximal  edge  and  beam  edges  suggesting  some  possible  unresolved  registration  issues. 


Figure  8  a)  Dose  distribution  for  protons  of  range  of  20  cm.  and  area  for  gamma  analysis  (dose>70  cGy)  b) 

Gamma  exceedances  for  MC  LET  and  correction  to  SND  (p=0)  using  5  degrees  polynomial  fit. 

Similar  displays  of  the  gamma  exceedances  are  shown  in  Figures  9  a,  b  for  protons  exposing 
film  having  ranges  of  12.5  and  15  cm,  respectively.  As  in  Figure  8b,  the  displays  used  5  degrees 
in  the  polynomial  fit  taken  from  the  protons  with  a  range  of  20  cm  and  using  the  SND  with  p=0 
for  proton  ranges  12.5  and  15  cm.  In  this  case,  the  9.67  %  and  12.2%  gamma  exceedances 
were  found  for  areas  receiving  dose  between  70  cGy  and  200  cGy. 


Figure  9  a)  Gamma  exceedances  for  MC  LET  and  correction  to  SND  (p=0)  using  5  degrees  polynomial  fit 
for  proton  range  12.5  cm.b)  Gamma  exceedances  for  MC  LET  and  correction  to  SND  (p=0)  using  5 
degrees  nolvnomial  fit  for  nroton  range  15  cm. 

The  exceedances  shown  in  Figure  8b  and  9a,  9b  mostly  occur  at  the  edges  of  the  distal  edge  of 
the  Bragg  peak.  In  addition,  there  are  exceedances  that  occur  in  regions  with  sharp  dose 
gradients  where  registration  is  difficult  but  also  crucial.  The  LET  distribution  has  greater  spatial 
gradients  than  dose  distributions  and  registration  is  a  more  critical  feature. 

The  gamma  exceedances  as  a  function  of  number  of  degrees  in  the  polynomial  fit  are  shown  in 
Figure  10  for  protons  having  ranges  of  12.5,  15,  and  20  cm.  Figure  10  also  shows  the  gamma 
exceedances  that  result  from  using  exponents  of  p=0  and  p=1  (Equation  7).  The  gamma 
exceedances  are  relatively  stable  as  a  function  of  number  of  degrees  in  the  polynomial  fit,  with  a 
slight  preference  for  higher  number  of  degrees.  The  higher  number  of  degrees  however  can  be 


14 


more  unstable  especially  for  areas  with  high  spatial  gradients.  The  p=1  exponent  yields  slightly 
better  and  reduced  number  of  gamma  exceedances. 


Gamma  Exceedances  and  Degrees  in  Polynomial  Fit 


Degrees  in  Polynomial  Fit 


Figure  10.  Gamma  exceedances  for  proton  ranges  12.5, 15,  and  20  cm  using  polynomial 
corrections  with  degrees  varying  from  1  to  7  applied  to  SND  (p=0,l). 

A  minimum  detectable  LET  can  be  inferred  from  examining  the  polynomial  fits  of  SND  to  LET. 
The  average  (over  each  of  the  seven  fits)  baseline  value  for  LET  (corresponding  to  SND=0)  is 
1.33  +/-  0.77  KeV/micron  (p=0),  1.15  +/-0.11  KeV/micron  (p=1)  and  1.24  KeV/micron  +/-  0.54 
(p=0  and  p=1).  These  minimum  LET  values  exceed  the  LET  for  photons  used  for  therapy. 


The  analysis  that  was  applied  to  the  narrow  Bragg  peaks  was  also  conducted  for  the  SOPB  with 
modulation  of  5  cm.  Figures  11a,  b,  and  c  show  the  two  dimensional  images  of  the  ECLIPSE 
calculated  dose,  the  measured  dose  from  the  radiochromic  film,  and  the  LET  Monte  Carlo 
calculation  for  the  SOPB  for  proton  range  of  20  cm.  The  broadened  peak  is  evident  in  a,  and  b 
and  the  LET  shows  a  more  gradual  increase  in  the  broadened  region. 


a.  b.  c. 


Figure  11,  a)  ECLIPSE  plan  for  proton  with  range  of  20  cmHwSTITTniTToT^^rn  b)  Measured 
dose  from  radiochromic  film  plan  for  proton  with  range  of  20  cm,  Modulation  5  cm  c) 
Monte  Carlo  calculation  of  LET  for  proton  with  range  of  20  cm,  Modulation  5  cm 


Profiles  for  the  ECLIPSE  and  measured  doses  are  shown  in  Figures  12a.  The  SND  and  the  LET 
profile  for  the  broadened  Bragg  peak  are  shown  in  Figure  12b.  Figure  12c  shows  that  SND 
profile  is  correlated  with  the  LET  profile  for  the  SOPB,  albeit  not  as  strongly  as  for  the  narrow 
Bragg  peak  for  proton  ranges  of  15,  17.5,  and  20  cm.  However,  there  is  greater  overlap  in  the 
curves  relative  to  the  narrower  Bragg  peak  (Figure  6).  The  3,4,  and  5  degree  polynomial  fits 
applied  to  the  SND  are  shown  in  Figure  12d. 
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a. 


c. 


LET  vs  SND  (p=0)  for  SOPB 


0.0  0.1  0.2  0.3  0.4  0.5  0.6  0.7 


SND,  p=0 


Figure  12.  a)  Dose  profiles  of  SOPB  from  ECLIPSE  and  Radiochromic  film  b)  SND  and 
LET  for  SOPB,  c)  LET  vs  SND  for  SOPB  for  Ranges  15, 17.5,  and  20  cm  and  modulation  of 
5  cm  d)  LET  profile  for  SOPB,  proton  range  20  cm,  modulation  5  cm.  and  polynomial  fits 
using  3,4,5  degrees  and  applied  to  SND  with  p=0. 

The  gamma  exceedances  for  the  SOPB  as  a  function  of  number  of  degrees  in  the  polynomial  fit 
are  shown  in  Figure  13  for  protons  having  ranges  of  15,  17.5,  and  20  cm.  Figure  13  also  shows 
the  gamma  exceedances  that  result  from  using  exponents  of  p=0  and  p=1  (Equation  7).  For 
SOPB,  the  gamma  exceedances  are  relatively  stable  as  a  function  of  number  of  degrees  in  the 
polynomial  fit  using  degrees  >2.  The  higher  number  of  degrees  however  can  be  more  unstable 
especially  for  areas  with  high  spatial  gradients.  The  p=0  and  p=1  exponent  SND  yields 
comparable  number  of  gamma  exceedances.  The  SOPB  gamma  exceedances  are  slightly 
larger  than  those  from  the  narrower  Bragg  peaks. 
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Gamma  Exceedances  (SOBP,  Modulation  5  cm) 


Figure  13.  Gamma  exceedances  for  SOPB  (Modulation  of  5  cm)  proton  ranges  15, 17.5, 
and  20  cm  using  polynomial  corrections  with  degrees  varying  from  1  to  7  applied  to  SND 
(P=0,1). 


Discussion: 

This  study  examined  a  number  of  metrics  to  relate  the  disparity  in  the  absolute  measured  and 
treatment  dose  to  the  LET  before  opting  for  the  SND  (Equation  7).  Specifically,  this  study 
calculated  and  tested  the  ratio  R1=(DTPS/DRC),  R2=1-1/R1,  and  R3=R1*(DTPS-DRC)  to 
assess  the  LET.  R1 ,  R2,  and  R3  qualitatively  resemble  the  LET  distribution  Pixels  with  low  R1 , 
R2  were  insensitive  to  LET  (data  not  shown)  and  uncorrelated  with  LET.  SND  correlates  better 
with  the  LET  over  all  ranges  of  SND.  Finding  an  appropriate  mapping  between  SND  and  LET  is 
simpler  and  more  robust,  especially  when  applying  the  corrections  to  the  LET  for  protons  with 
ranges  of  12.5,  15  cm  and  SOPB  with  15  cm  and  17.5  cm.  Although  SND  (Equation  7)  is  an 
admittedly  crude  measure  for  LET,  it  is  empirically  found  to  yield  the  best  correlation  with  the 
MC  LET  over  the  largest  dynamic  range  of  SNDs. 

The  exact  mechanism  for  quenching  is  uncertain.  This  study  found  a  heuristic  approach 
(Equation  3)  and  connects  the  disparity  in  proton  detection  to  LET.  Kirby  (Kirby  et  al.  2010) 
found  that  the  relative  proton  stopping  powers  remained  constant  (within  2%)  for  proton 
energies  1  to  300  MeV  for  the  two  sensitive  layer  detector  but  shows  substantial  changes  below 
500  KeV.  Instead  (Kirby  et  al.  2010)  ascribed  the  quenching  to  energy  dependence  for  ionizing 
the  polymers  within  the  sensitive  layer.  The  sensitive  layer  separation  (Kirby  et  al.  2010)  of  the 
EBT  film  was  substantially  less  than  the  MD-55  film  and  also  had  a  lower  proton  energy 
threshold  for  quenching.  It  should  also  be  noted  that  the  minimum  RE  (relative  effectiveness, 
corresponding  to  1/R1  from  above  paragraph)  in  Kirby’s  study  was  60%  to  70%  or  slightly 
higher  than  the  50%  of  detection  (or  one  out  of  the  two  sensitive  layers).  The  present  study 
therefore  instead  posits  the  quenching  to  energy  deposition  outside  the  single  sensitive  layer  (or 
between  the  two  sensitive  layers). 

Alternative  quenching  mechanisms  suggest  saturation  from  the  densely  ionizing  radiation.  To 
test  the  saturation  mechanism,  the  radiochromic  film  should  be  exposed  and  analyzed  for 
varying  dose  rates  and  doses.  Numerous  studies  found  that  radiochromic  film  is  insensitive  to 
dose  rate  deposition.  However,  the  film’s  response  to  dose  and/or  dose  rate  was  not  tested  in 
the  far  distal  regions  of  the  Bragg  peak  corresponding  to  especially  large  LET.  This  study 
exposed  the  film  to  a  maximum  of  200  cGy,  far  from  the  non  linear  response  for  this  film  and 
also  from  saturating  dose.  Dose  rates  in  this  study  were  low  (~200  cGy/minute).  The  model  also 
exhibits  “saturation”  behavior,  albeit  one  that  is  relatively  constant  for  large  (not  low)  film 
sensitivity,  RS  (Equation  3)  for  sufficiently  high  or  E/LET. 
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Generating  an  LET  spatial  distribution  map  requires  high  degree  of  spatial  registration  between 
the  treatment  plan,  the  Monte  Carlo  LET  calculation,  and  the  measured  dose  distribution.  The 
beam  edges  and  distal  edge  of  the  Bragg  peak  showed  enhanced  number  of  gamma 
exceedances  probably  due  to  these  registration  issues. 

This  study  confined  its  examination  to  the  unscatterred,  high  energy  primary  protons.  The 
current  effort  did  not  examine  the  scattered  protons  outside  the  main  field.  The  scattered 
protons  have  very  low  energy  but  very  high  LET  based  on  the  Monte  Carlo  calculations  (for 
example  Figures  5a,  11c).  To  experimentally  probe  these  low  dose  regions  requires  greater 
signal  to  noise  from  the  radiochromic  film  and  therefore  greater  proton  exposure  times  These 
low  dose  regions  may  also  require  further  examination  of  the  SND  and  to  possibly  other 
exponents,  beyond  the  p=0,1  and  other  metrics. 

The  techniques  described  in  this  study  for  measuring  LET  are  unlikely  to  also  be  applied  for 
photons.  The  minimum  LET  as  determined  using  the  polynomial  fits  exceed  1.1  KeV/micron 
corresponding  to  SND=0.  The  LET  for  therapeutic  photons  is  <  1  KeV/micron,  below  the 
minimum  measured  LET  in  this  study.  However,  dose  distributions  measured  using  photon 
beams  directed  parallel  to  the  film  therefore  do  not  require  corrections,  as  mentioned  numerous 
times  in  the  literature. 

From  examining  the  profiles,  it  appears  additional  work  is  needed  to  evaluate  high  LET. 
Nevertheless,  this  study  seems  to  have  successfully  measured  LET  as  high  as  8  KeV/micron, 
which  is  larger  than  the  5  KeV/micron  using  BANG  gels  (Lopatiuk-Tirpak  et  al.  2012).  The  far, 
distal  edge  of  the  LET  distribution  merits  further  investigation  and  requires  a  better 
approximation  than  Equation  4. The  approach  discussed  in  this  study  is  more  appropriate  for 
high  LET,  albeit  for  the  proximal  side  of  the  Bragg  peak. 

This  new  tool  can  potentially  measure  and  test  LET  in  clinically  significant  configurations  such 
as  regions  involving  tissue  heterogeneity.  The  radiochromic  film,  unlike  the  BANG  gel  may 
possibly  be  applied  for  measuring  the  LET  in  variable  density  regions  by  inserting  the  film 
between  suitable  phantom  materials. 

Summary: 

Processing  and  analyzing  radiochromic  film  in  conjunction  with  treatment  planning  system  is  a 
viable  method  for  the  measuring  LET.  The  modified  film  methodology  provides  a  unique 
experimental  areal  LET  measurement  that  can  verify  Monte  Carlo  measurements  and  support 
inferences  from  current  point  measurements  of  LET. 

Multchannel  Dosimetry 


INTRODUCTION: 

Quantitatively  determine  an  optimum  image  analysis  procedure  to  mitigate  inhomogeneities 
within  the  EBT2  film  and  from  scanning  for  accurate  absolute  dose  measurement  deposited  by 
an  external  radiation  therapy  beam.  Multichannel  dosimetry  procedures  were  conceived, 
described,  and  quantitatively  tested  against  single  and  dual  channel  dosimetry. 

BODY: 

Background 
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Experimental  verification  of  the  external  beam  therapy  calculations  that  account  for  tissue 
heterogeneities  within  the  treatment  volume  requires  accurate  and  robust  detectors  over  the 
relevant  areas.  Radiochromic  film  darkens  upon  exposure  to  radiation  without  further  film 
processing  \  Radiochromic  medium  with  its  high  spatial  resolution  and  independent  response  to 
energy  and  particle  type,  and  tissue  equivalence  can  be  a  candidate  as  a  two  dimensional 
dosimeter  for  this  application  1,z.  The  high  spatial  resolution  and  sensitivity  over  extended 
spatial  areas  should  provide  an  experimental  platform  for  examining  dose  distribution 
perturbation  due  to  tissue  heterogeneity.  The  radiochromic  films  are  tissue  equivalent  further 
promoting  themselves  as  dosimetry  materials.  The  EBT2  film  2  with  the  yellow  marker  dye  was 
developed  to  reduce  the  spatial  heterogeneity 2-10  due  to  manufacturing  found  in  earlier  versions 
of  radiochromic  film. 

There  are  technical  issues  and  challenges  that  must  be  addressed  and  resolved  prior  to  their 
application  for  dosimetry  over  extended  spatial  areas.  First,  a  number  of  researchers 4-11  have 
been  concerned  about  the  uniformity  of  dose  responses  of  the  radiochromic  film  due  to  variable 
thickness/composition  generated  by  the  manufacturing  process,  including  the  newer  film  such 
as  EBT  and  EBT2.  In  addition,  spatially  varying  illumination  of  the  exposed  EBT2  film  during 
scanning  to  digitize  the  film  contributes  to  the  inhomogeneous  dose  calculation. 

The  recent  advent  of  EBT2  radiochromic  film  has  spawned  a  number  of  articles  examining  the 
new  film’s  properties  and  procedures  for  achieving  optimal  dosimetry.  Digitization  of  the 
radiochromic  film  through  scanning  with  a  flatbed  scanner  and  exploiting  its  ability  to  extract 
individual  color  components  for  the  imagery  was  examined  some  time  ago  12-13  and  has  become 
a  standard  procedure  14,15.  Common  mode  rejection  (taking  the  ratio  of  images  from  two 
different  color  channels)  was  employed  to  buck  out  the  effect  of  thickness/composition 
variations,  in  particular,  Ohuchia  3  used  the  red  and  green  channels.  The  manufacturer 
recommends  using  red  and  the  relatively  insensitive  blue  channels  and  these  ratios  were 
studied  by  Pawlicki  et  al. 4  and  Alami  et  al..5.  Pawlicki  et  al. 4  found  that  taking  the  ratio  of  red  to 
blue  was  essential  but  conflicted  with  Alami  et  al.  5  who  found  that  using  the  red  channel 
achieved  better  results  than  using  the  ratio  of  red  to  blue  channels.  Andres  et  al.  6  found  that 
optimal  dosimetry  choice  of  red  or  green  channels  was  dose  dependent.  McCaw  et  al  7  found 
some  improvement  but  also  some  degradation  using  red  to  blue  ratio  to  extract  the  dose  from 
EBT2  film,  depending  on  the  analysis  method.  Devic  et  al.8  extended  the  range  of  the  dosimetry 
by  stitching  the  dose  from  the  red  channel  for  low  dose,  green  for  intermediate  dose,  and  blue 
for  higher  doses.  Devic  did  not  use  ratios  of  channels  to  extend  the  dose  range  and  also 
minimize  dose  heterogeneity  issues. 

Spatially  inhomogeneous  illumination  for  scanning  the  exposed  film  can  also  significantly 
degrade  dosimetric  accuracy,  especially  near  the  edges  of  the  scan.  This  error  is  compounded 
by  the  level  of  dose  exposure.  Kairn  et  al.9  corrected  the  spatial  heterogeneity  by  using  spatially 
registered,  unexposed  film  and  used  the  red  channel  but  only  employed  comparison  of  dose 
profiles,  not  gamma  analysis.  Richley  et  al.10  focused  on  mitigating  scanner  light  scattering. 
Hartmann  et  al.11  used  the  red  channel  to  examine  dose  heterogeneity  among  cut  up  slices  of 
EBT2  film.  Devic  et  al.  16  characterized  the  scanner  inhomogeneity  and  its  effect  on  dose 
distribution.  Fiandra  et  al.17  and  Sauer  and  Frengen  18  both  provided  a  correction  matrix  for  the 
scanner  inhomogeneity  using  the  red  channel  and  they  also  incorporated  dose  levels  into  their 
corrections. 

To  simultaneously  and  autonomously  handle  film  imperfections  and  scanner  illumination 
inhomogeneity,  Micke  et  al.19  suggested  a  multichannel  approach  and  found  significant 
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improvements  relative  to  employing  a  single  red  channel  approach.  The  multichannel  approach 
uses  all  three  channels  (red,  green,  blue)  to  extract  a  single  dose  for  each  pixel.  Micke  et  al.  19 
demonstrated  significant  alleviation  of  the  spatial  inhomogeneity  issues.  However,  no  equations 
were  explicitly  stated  for  the  corrected  dose  at  each  pixel  using  the  multichannel  approach.  It 
was  not  even  clear  whether  an  iterative  search  might  have  been  employed  to  search  for  an 
optimal  solution.  Direct  comparison  with  Micke  et  al.was  therefore  difficult  and  at  best  surmised. 

This  paper  examined  and  resolved  each  of  these  technical  issues  by  systematically  exploring  a 
number  of  different  dosimetry  procedures  for  reducing  the  thickness/composition  variations 
within  the  EBT2  radiochromic  film.  Specifically  this  study  examined  the  relative  benefits  of  using 
the  various  color  channels  (red,  green,  and  blue)  or  combinations  of  ratios  of  channels  not 
previously  studied.  Gamma  analysis  provided  the  quantitative  discriminator  among  the  various 
single,  dual,  and  triple  channels  methods  for  calculating  dose  distributions  relative  to  the  dose 
distribution  calculated  from  the  treatment  plan. 

Methods 

The  overall  methodology  is  summarized  by  the  block  diagram  shown  in  Figure  1 .  The  goal  was 
to  analyze  the  absolute  dose  distribution  deposited  by  a  6  MV  photon  beam  (field  size  is  10  cm 
x  10  cm  at  the  isocenter)  from  a  Varian  2100  linear  accelerator  (linac)  directed  parallel  to  an 
EBT2  film  sandwiched  between  slabs  of  solid  water™.  The  phantom  was  positioned  at  100  cm 
Source  to  Surface  Distance  (SSD)  and  200  cGy  was  delivered  to  dmax.  The  three  sets  of 
images  (CT,  ECLIPSE  Treatment  Planner,  Radiochromic  Film)  must  be  compatibly 
manipulated.  The  CT  image  set  was  treated  as  the  “base”  image  because  the  treatment  plan 
used  and  was  fixed  to  the  CT  image.  The  Varian  ECLIPSE  plan  and  the  measured  dose 
distribution  derived  from  the  radiochromic  film  were  translated  and  rotated  to  match  reference 
points  or  fiducial  points  (Spee-D-Mark)  within  the  CT  image.  The  spatial  resolution  (40  dots  per 
inch  or  dpi)  was  set  by  the  ECLIPSE  treatment  plan  and  the  CT  was  resampled  and  the 
radiochromic  film  was  scanned  at  the  same  spatial  resolution. 

Gamma  analysis  compares  the  dose  distribution  from  a  standard  such  as  a  plan  to  the  dose 
distribution  form  the  test  distribution.  Gamma  analysis  (to  be  described  in  detail)  requires  input 
from  registered  dose  distribution  from  the  Eclipse  treatment  planning  system  and  the  dose 
extracted  from  the  radiochromic  films.  In  addition,  this  study,  unlike  many,  applies  the  gamma 
analysis  to  selected  regions  such  as  regions  of  low  scattered  dose,  plateau  of  high  dose,  and 
beam  edges.  Such  an  approach  requires  input  of  appropriate  areas  such  as  regions  of  interest 
(shown  in  Figure  1).  In  addition,  the  software  development  permits  input  of  regions  of  interest 
form  tissues  in  the  CT,  also  shown  in  Figure  1 . 

All  custom  software  development  regarding  registration  and  algorithms  for  converting  exposed 
images  to  dose  distributions  was  developed  using  the  Interactive  Development  Language  (IDL). 
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Figure  1.  A  block  diagram  describing  the  procedures  for  comparing  calculated  and  measured 
dose  distributions 

CT  Rotation 

The  analysis  from  exposing  film  and/or  radiochromic  film  is  often  problematic  due  to  possible 
presence  of  small  air  gaps  between  the  film  and  the  solid  phantom.  The  phantom  was  scanned 
in  the  CT  in  the  transverse  orientation  (Figure  2a)  so  that  the  weight  of  the  phantom  was 
pressed  onto  the  radiochromic  film.  In  this  configuration,  additional  weight  was  added  if  needed 
to  further  reduce  air  gaps.  The  treatment  table  supported  and  remained  in  contact  with  the  flat 
part  of  the  phantom,  a  configuration  that  is  not  available  for  humans.  The  entire  phantom  was 
scanned  with  spatial  resolution  of  27.1  dpi,  not  just  the  expected  treatment  area  because  all  CT 
slices  (2  mm  spacing)  were  used  to  reconstruct  the  image  of  the  phantom  in  an  orthogonal 
direction.  Nearest  neighbor  averaging  was  used  to  fill  in  the  regions  between  the  slices.  The 
reconstructed  and  rotated  CT  (coronal  orientation,  see  Figure  2b)  was  resampled,  again  using 
nearest  neighbor  averaging  so  that  the  CT  had  a  spatial  resolution  of  40  dots  per  inch,  matching 
the  ECLIPSE  treatment  plan  dose  distribution  and  the  scanned  radiochromic  film  image.  CT 
skin  markers  placed  at  known  distances  were  used  to  test  the  fidelity  of  the  resampling  and 
rotation  process  and  found  to  be  accurate  to  within  less  than  a  pixel  (<0.64  mm).  The  rotated 
CT  was  expanded  (to  1000  x  1000  pixels)  to  accommodate  the  ECLIPSE  plan  which  had  a 
treatment  isocenter  placed  in  the  center  of  the  image.  Marked  tapes  denoting  the  CT  marker 
positions  were  also  placed  on  the  phantom  and  were  used  to  align  the  phantom  during  radiation 
exposure. 
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a.  b. 


Figure  2a.  Selected  three  slices  (out  of  145)  of  solid  phantom  in  transverse  orientation.  CT  skin 
markers  shown  in  first  slice.  Arrow  denotes  plane  shown  in  Figure  2b.  Figure  2b.  Rotated 
image  (coronal)  of  solid  phantom.  Only  single  slice  of  plane  abutting  placement  of  radiochromic 
film  for  this  study  is  shown. 

Scanning: 

The  exposed  radiochromic  film  was  scanned,  similar  to  earlier  studies  12'16,  with  a  CanoScan 
LiDE  700F  flatbed  scanner  in  reflection  mode  using  48  bit  digital  resolution  to  digitize  the  three 
color  channels  (Red,  Green,  and  Blue)  at  a  spatial  resolution  of  40  dpi  to  conform  to  the 
ECLIPSE  treatment  planning  system.  All  correction  options  were  turned  off.  The  orientation  of 
the  film  was  noted  2  with  a  small  cut  in  the  upper  right  hand  corner.  All  radiochromic  film  were 
positioned  identically  on  the  flatbed  scanner,  after  noting  the  orientation  of  the  film.  The  lot 
number  for  the  exposed  EBT2  was  A1 1051002A.Radiochromic  film  were  scanned 
approximately  24  hours  after  exposure.  The  EBT2  film  are  particularly  insensitive  to  visible  light 
2  but  care  is  taken  to  minimize  exposure  to  visible  light.  The  radiochromic  film  grey-levels  were 
converted  to  dose  using  calibration  films.  Smaller  film  (roughly  10  cm  x  12.5  cm)  were  exposed 
to  0,  25,  50,  100,  150,  200,  250,  300  cGy  placed  perpendicular  to  the  beam  (10  cm  x  10  cm 
field)  sandwiched  between  solid  water™  slabs.  In  this  configuration  the  monitor  units  equaled 
the  dose  in  cGy  and  simplified  the  calibration  procedure  following  procedures  outlined  in  the 
report  of  Task  Group  21.  The  10  cm  x  10  cm  field  exposed  the  solid  water™  phantom  positioned 
at  100  cm  source  to  axis  distance  and  the  film  placed  at  dmax  (1.5  cm),  perpendicular  to  the  6 
MV  photon  beam  from  the  Varian  2100  machine. 

The  calibration  films  were  scanned.  An  average  grey-level  was  computed  for  each  red,  green, 
blue  (R,G,B)  channel  using  the  central  region  (2  cm  x  2  cm  or  roughly  1000  pixels)  conforming 
to  the  most  uniform  dose.  A  Look  Up  Table  (LUT)  composed  of  the  average  grey-level  (or  ratio 
of  grey  levels)  for  each  color  channel  was  correlated  with  dose.  The  lines  connecting  the  solid 
symbols  in  Figure  3  graphically  shows  the  dose  versus  average  detected  intensity  in  the  LUT  for 
the  red,  green,  blue  channels.  However,  each  pixel  within  the  array  may  not  conform  to  the 
average  pixel  due  to  differences  in  scanner  illumination.  So  the  dose  extrapolated  for  the  R,G,B 
channel  (DR,  DG,  DB)  respectively  may  differ  from  each  other  due  to  varying  response  for  a  given 
perturbation.  The  multichannel  approach  autonomously  projected  a  correction  to  an  expected 
common  dose  D  based  on  the  individual  slopes  and  response  of  each  channel.. 
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Dose  Calibration 


Figure  3.  Calibration  for  converting  grey  levels  to  dose  for  red,  green,  blue  channels.  Optimized 
multichannel  correction  schematically  shows  the  shifted  extrapolated  doses  DR,DG,  DB  relative 
to  optimized  D  based  on  local  derivatives  ak(i,j)  (Eq  3,  used  in  Multichannel  approach) 

The  test  profile  distribution  was  converted  to  dose  through  interpolating  the  LUT1,7.  Globally  the 
dose  grey  level  functions  are  non-linear.  Over  small  stretches  of  dose  and  grey  levels,  the 
calibration  was  essentially  linear.  In  addition,  using  relatively  low  doses  (<300  cGy)  limits  the 
degree  of  non-linearity  of  the  LUT  for  EBT2.  Higher  doses  beyond  those  used  in  this  study  will 
require  a  more  refined  calibration  table  to  ensure  linearity  over  the  small  dose  and  grey  level 
intervals  and  possible  higher  order  corrections  beyond  the  first  Taylor  series  approximation  (Eq 
2)  for  the  multichannel  algorithm.. 

This  study  tested  various  schemes  for  converting  grey-levels  to  reduce  the  effects  of  the 
heterogeneity.  These  processes  are  applied  to  the  calibration  imagery  (for  a  new  LUT)  and  the 
test  dose  distribution.  The  manufacturer  2  recommends  for  individual  pixels  located  at 
coordinate  i,j  (in  the  horizontal,  vertical  direction,  respectively),  taking  the  ratio  of  the  red 
channel  R(i,j)  to  the  blue  channel  B(i,j)  from  scanning  the  film  with  a  flatbed  scanner.  Using  the 
Beer-Lambert  Law,  the  grey-levels  are  normalized  by  the  unattenuated,  constant  light  source  l0 
from  the  flatbed  scanner  and  the  ratio  of  the  logarithms  are  computed  or 
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A  similar  ratio  Green  to  Blue  ratio  was  computed  using  the  green  channel 

Taking  the  ratio  of  the  channel  that  is  most  sensitive  to  composition/exposure  to  one  that  is 
relatively  independent  of  exposure  but  experienced  the  same  dependence  on 
thickness/composition  to  help  suppress  thickness/composition  variations2'11  of  the  film.  In 
practice,  the  blue  channel  response  weakly  depends  on  radiation  exposure.  This  study 
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generated  dose  distributions  using  the  red  channel  R(i,j))  alone,  green  channel  G(i,j)  alone, 
ratios  of  the  red  to  blue  channel  and  green  to  blue  channel  and  hybrid  version  that  combined  the 
green  to  blue  ratio  for  higher  doses  (above  80  cGy  or  0.20  optical  density  and  was  likely 
scanner  specific)  to  the  red  to  blue  ratio  for  lower  doses. 

New  Multichannel  Approaches 

Another  approach  employed  all  three  color  channels  to  autonomously  correct  for  local 
inhomogeneous  spatial  distribution  in  film  thickness  and  scanner.  This  version  of  the 
multichannel  approach  independently  varied  the  dose  D  and  disturbance  (or  channel- 
independent  perturbation,  see  Equations  2,  7)  to  search  for  the  optimal  dose  at  each  pixel.  This 
study  proposed  and  found  an  equation  for  the  corrected  dose.  Therefore  the  optimized  dose 
was  quickly  computed  at  each  pixel.  The  goal  was  to  find  a  common  and  expected  dose  D 
derived  from  extracted  red,  green,  blue  channel  doses.  The  algorithm  applied  a  first  order  Taylor 
expansion  to  the  dose  due  to  a  small  perturbation  (same  for  all  channels)  and  minimized  the 
cost  function  difference  i,j  (Equation  2)  between  the  projected 

®(A  (i,j),D(i,j))  =  fj(Dk(iJ)  +  ak(iJ)A(i,j)-D(i,j))2  (2) 

k=l 

dose  Dk  i,j  +ak  i,j  i,j  for  each  color  channel  k  (red,  green,  blue)  relative  to  the  projected 
dose  D.  Dk  i,j  was  the  dose  directly  derived  from  the  LUT  for  each  color  (i.e.  R(i,j),  G(i,j), 
B(i,j)  for  the  red,  green,  blue  channels  respectively),  ak  i,j  was  the  derivative 
dD 

ak(i,j)  =  —±(i,j)  (3) 

dh 


of  the  LUT  for  the  kth  channel  (see  Figure  3),  and  (i,j)  is  the  local  perturbation  (illumination, 
thickness)  that  affected  all  channels,  and  lk  was  the  intensity  for  a  given  channel,  i.e. 
(R(i,j),G(i,j),B(i,j)).  Interpolation  was  required  to  accurately  determine  the  slopes  or  ak(i,j).  D(i,j) 
was  the  corrected  dose  generated  from  solving  the  simultaneous  partial  differential  equations 

0® 

—(i,j)(A,D)  =  0.  (4) 


0® 

dD 

and  resulted  in  the  optimized  dose  D  at  pixel  location  i,j 
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The  appropriate  correction  or  “disturbance  map”  at  each  point  was 
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Where  the  average  dose  Dave  (i,j)  was 

DavXi,j)  =  \YDk(i,j)  =  \(DR(i,j)  +  Dc(i,j)  +  DB(i,j)) 
3  k= 1  ^ 


(8) 


And  the  weight  for  the  channels  wt(ij) 


,  < !>,(/.  ;»J 
;  A  _  1  Jt=l 


wt(ij)  =  -  3 


^=i 


(9) 


and  wt(ij)  ranged  from  0<wt,<  1.  If  wt(ij)  was  sufficiently  small,  then  a  valuable  approximation 
for  the  corrected  dose  D(i  j)  was 

D(i,j)  ~  Dave  (i,j)  (10) 


EBT2  film  was  sandwiched  between  slabs  of  solid  water™  and  exposed  to  6  MV  photon  beam. 
Figure  4a.  shows  the  rotated  (by  90  degrees)  uncorrected  distribution  from  the  single  red 
channel.  Figure  4b  shows  the  optimized  multichannel  corrected  dose  distribution  D(i,j). 
(Equation  6)  Figure  4c  shows  the  disturbance  distribution  (i,j)  (Equation  7)  rotated  by  90 
degrees.  Note  the  stripes  from  thickness  variations  in  the  film  in  Figure  4a  and  are  also  seen  in 
Figure  4c.  Figure  4d  shows  the  residual  error  in  dose  (Equation  2) 
a.  b. 
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Figure  4a.  Rotated  (by  90  degrees)  dose  distribution  using  red  channel.  4b  Corrected  dose 
distribution.  D(i,j)  (Equation  6)  using  the  optimized  approach.  4c  shows  the  disturbance 
distribution  (i,j)  (Equation  7)  rotated  by  90  degrees.  Note  the  stripes  due  to  thickness 
variations  4d  Residual  error  in  dose  (Equation  2) 

Previous  Multichannel  Efforts 

Micke  et  al  19  recently  suggested,  tested,  and  broadly  outlined  a  multichannel  approach  for 
correcting  the  inhomogeneities  in  the  dosimetry  process.  The  Micke  et  al.  cost  function  differed 
from  the  multichannel  process  described  in  Equation  2.  Following  the  approach  of  Micke  et  al., 
the  cost  function  was 

O0\  J)  =  X  (A  (*’  ■/)  +  ak  O',  i)  A0,  j )  ~  ( A,  (i,  j)  +  am  (i,  j)A(i,  j)))2  (1 1) 

k^m 


Due  to  the  different  cost  function,  Micke  et  al  generated  and  applied  a  different  disturbance 
factor  than  used  in  equation  1 1 .  Micke  et  al.  also  applied  his  analysis  to  the  fitted  optical  density 
calibration,  not  to  the  raw  grey  level  calibration  described  in  this  study.  For  the  Micke  et  al. 
approach,  only  single  derivative  with  respect  to  might  have  been  applied  to  Equation  11  (but 
not  two  derivatives  as  in  Equations  4,  5) 

A ’,/)  =  0  (12) 

dA 

The  resulting  shift  (ij)  might  have  been 

3 

X  (A  0,  j)  -  D,n  0,  j))(ak  0,  j)  -  a,n  0,  j) 

A  0,7')  =  -— - 3 -  (13) 

Y^(ak(iJ)-aJi,j))2 

k^m 


In  this  formulation,  each  channel  might  have  been  treated  equally  and  corrected  using  the 
procedure  outlined  above,  i.e. 


D(i,j)  =  ^  X  (A  0, ./)  +  ak(i,  j)A(i,  j))  (14)  Jhe 

A=1  dose  D 

might  be  generated  by  inserting  the  computed  shift  (Equation  13)  into  the  corrected  average 
multichannel  dose  (Equation  14).  This  approach  generated  an  identical  dose  distribution  as  that 
derived  from  Equation  6,  although  generated  in  a  very  different  manner. 

Summary  of  Dose  Determination  Algorithms 

The  list  of  conversion  of  grey-level  processing  algorithms  is  summarized  in  Table  1.  The  Table 
displays,  names,  a  short  description,  and  its  associated  equation. 
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Table  1:  List  of  Grey-Level  Processing  Prescriptions 


Name 

Description 

Formula 

Red  Channel 

Red  alone 

R(ij) 

Green  Channel 

Green  alone 

G(ij) 

Red  to  Blue  Ratio 

Registered  Red  to  Blue  Ratio 
(Equation  1) 

iog<*(;j)) 

R/B(i.j)=  n 

log(  (’y)) 

Green  to  Blue  Ratio 

Registered  Green  to  Blue 
Ratio 

(Equation  1) 

log(G('’y)) 

<3®(ij)=  R(,°  ft 

iog(  {‘;J)) 

Hybrid 

Apply  Green  to  Blue  Ratio 
for  higher  dose  and  Red  to 
Blue  Ratio  for  lower  dose 

Hybrid(i,j)=R/B(i,j)  +  G/B(i  j) 

Average 

Average  over  all  channels 
(Equation  8) 

Ave(i5j)-(1/3)(DRed+DGreen+DBIue) 

Optimize  Multichannel 

Optimize  correction  using  all 
channels  (Equation  6) 

Opt(i,j)=(Ave(i,j)- 

wt(ij)  ak(i,j)Dk(i,j )/  ak(i,j))/(1- 

wt(i,j)) 

Registration: 

Comparing  experimentally  determined  dose  distributions  with  the  corresponding  calculated 
treatment  plan  required  precise  registration  between  the  two  sets  of  images.  The  solid  water™ 
was  placed  on  the  CT  imaging  and  treatment  table  in  a  configuration  convenient  for  placing  CT 
markers.  These  markers  were  used  for  registering  the  CT  to  both  the  treatment  plan  and  the 
detected  radiation  dose  distribution  from  the  radiochromic  film.  The  CT  images  were  digitally 
rotated  for  convenient  volumetric  contouring  for  dose  area  histograms  and  gamma  analysis.  The 
rotated  CT  image  was  resampled  to  match  the  spatial  resolution  of  the  scanned  dosimetric 
distribution  and  treatment  plan.  The  treatment  plan  was  calculated  using  the  CT  image  in  the 
customary  fashion.  The  treatment  plan  planes  were  translated  through  triangulation  of  the 
treatment  isocenter  to  the  CT  markers  in  the  CT  image.  The  radiochromic  film  imagery  was 
rotated  and  translated  to  the  CT  images  using  two  coincident  points  from  the  CT  skin  markers  in 
the  CT  image  and  “tattoos”  marked  on  the  radiochromic  film. 

This  study  used  a  “two-point”  approach  to  translate  and  rotate  the  radiochromic  film  to  the 
desired  resampled  CT  slice.  The  common  “pivot”  point  for  the  CT  and  radiochromic  film  was 
used  to  translate  the  radiochromic  film  and  the  radiochromic  film  image  was  then  rotated  about 
the  pivot  point.  The  average  error  in  transforming  the  fiducial  points  (excluding  the  pivot)  was 
1.39  pixels  or  0.883  mm.  On  average,  a  similar  error  was  expected  for  transforming  all  points 
within  the  radiochromic  film  image. 


27 


Treatment  Plan  Procedures: 


This  study  used  Varian’s  ECLIPSE  treatment  planning  system  to  compute  the  expected  dose 
distribution.  The  plan  computed  the  dose  distribution  intended  to  deliver  200  cGy  to  dmax  and 
the  phantom  was  positioned  at  100  cm  SSD.  The  treatment  plan  was  generated  from  the  CT 
scan  of  the  phantom.  The  external  beam  depth  profiles  from  Varian  2100  6  MV  photon  beam 
that  characterize  the  dose  deposition  in  water  were  stored  and  used  to  compute  the  dose 
deposition.  The  external  beam  was  checked  on  a  daily,  weekly,  yearly  timetable  to  ensure 
agreement  with  the  current  condition  of  the  beam  and  the  stored  data.  The  ECLIPSE  plan 
generated  DICOM  image  files  for  the  predicted  dose  along  desired  planes.  The  spatial 
resolution  for  the  image  dose  was  chosen  to  be  40  dpi,  conforming  to  the  resampled  CT  image 
and  scan  of  the  exposed  radiochromic  film.  The  isocenter  for  the  plan  was  placed  at  the  image 
center,  by  default.  The  spatial  transformation  of  the  treatment  plan  simply  meant  translating  the 
isocenter,  or  image  center  to  the  isocenter  of  the  CT  scan  that  was  marked  by  a  CT  marker.  No 
rotation  was  applied  to  the  treatment  plan  image. 

All  registered  images  are  shown  in  Figure  5.  Figure  5a  shows  the  rotated  and  resampled  CT 
and  the  area  of  dose  exceeding  the  100  cGy  within  the  treatment  plan  in  magenta,  the  beam 
edge  with  doses  ranging  from  25  to  100  cGy  in  red,  and  scattered  dose  in  yellow  (5-15  cGy). 
The  high  dose  gradients  were  extremely  sensitive  to  misregistration  between  the  plan  and  the 
experiments.  Figure  5b  shows  the  translated,  rotated  dose  distribution  derived  from  the 
radiochromic  film.  Figure  5c  shows  the  translated  ECLIPSE  treatment  plan. 


Figure  5a  shows  the  CT  and  the  area  of  dose  exceeding  the  100  cGy  (magenta),  dose  between 
25-100  cGy  (red),  dose  between  5  to  15  cGy)  the  beam  edge  (yellow).  Figure  5b  shows  the 
translated,  rotated  dose  distribution  derived  from  the  radiochromic  film.  Figure  5c  shows  the 
ECLIPSE  treatment  plan. 

Quantitative  Assessment  of  Agreement  between  Plan  and  Experiment  (gamma  analysis): 

The  various  methods  for  scanning  the  exposed  radiochromic  film,  grey-level  conversion  to  dose, 
and  dosimetry  procedures,  were  tested  by  comparing  them  to  the  treatment  plan  through 
gamma  analysis  20'22.  Gamma  analysis  examined  the  deviation  of  the  treatment  plan 
(considered  to  be  the  reference  image)  with  the  experimentally  determined  dose  distribution  at 
the  pixel  level.  The  gamma  analysis  procedure  generated  a  difference  image  for  the  registered 
set  of  images  and  computed  a  “decision”  surface  with  the  geometry  of  a  three  dimensional 
ellipsoid.  Calculated  points  that  resided  within  the  ellipsoid  constitute  good  agreement  between 
the  treatment  plan  dose  distribution  and  the  experimentally  derived  dose.  Conversely,  points 
that  appeared  outside  the  ellipsoid  are  identified  as  areas  of  poor  agreement  or  referred  to  as 
“exceedances”  in  this  paper. 
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Figure  6a  shows  the  gamma  analysis  display  using  the  Red  only  processing.  The  white  pixels 
show  gamma  values  that  exceed  1  and  show  regions  of  most  serious  disagreement  between 
the  plan  and  the  experimentally  derived  dose  distribution.  Figure  6b  shows  exceedances  using 
the  optimized  multichannel  algorithm.  Adding  more  channels  such  as  the  optimized 
multichannel  algorithms  for  extracting  dosimetry  distributions  reduced  gamma  exceedances 
from  8605  to  31 10  (out  of  74,312  pixels  within  the  region  of  interest). (see  Table  2). 


a.  b. 

Figure  6a  shows  the  exceedances  (depicted  as  white)  for  the  gamma  distribution  from  Red  only 
processing.  Figure  6b  shows  the  exceedances  for  the  gamma  distribution  from  optimized 
correction. 

Results: 

The  scanning,  data  processing,  and  phantom  handling  schemes  were  evaluated  by  computing 
the  number  of  pixels  within  the  treatment  area  having  gamma  values  exceed  1  (see  Table  2). 
The  larger  the  number  of  these  pixels,  the  poorer  the  agreement  between  the  experimentally 
determined  dose  and  the  treatment  plan.  For  this  analysis,  the  ellipsoid  axes  were  prescribed  to 
the  standard  3%  of  the  maximum  dose  or  6  cGy  (Dgamma)  and  3  mm  in  horizontal,  vertical 
directions  (xgamma,ygamma).  If  this  minimum  gamma  exceeded  1 ,  then  the  experiment  was  ruled  to 
disagree  with  the  treatment  plan.  Table  2  lists  the  results  of  applying  the  standard  red  channel, 
green  channel,  the  manufacturer’s  recommendation  for  taking  the  ratio  of  red  to  blue  channels 
(Equation  1),  ratio  of  green  to  blue  channels  (Equation  1),  the  hybrid  of  green  to  blue  ratio  with 
the  red  to  blue,  Optimized  multichannel  (Equation  6)  and  averaged  multichannel  algorithms 
(Equation  8).  The  analysis  examined  the  entire  area,  high  dose  regions,  scattered  dose,  and  the 
beam  edge.  The  best  agreement  occurred  in  the  relatively  homogenous  dose  regions  (high 
dose,  scattered  dose)  and  was  weak  in  the  high  dose  gradient  and  where  a  high  degree  of 
registration  was  required  for  accurate  dose  measurement. 
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Table  2.  Gamma  analysis  fraction  of  exceedances  (%)  of  total  of  pixels  and  scanning,  image 
processing,  region  conditions 


Name 

Total 

5  -  300  cGy 

(%) 

(74,312 

pixels) 

“High”  Dose 
100-300  cGy 
(%) 

(38,329  pixels) 

Scatter 

5-15  cGy 

(%) 

(26,307 

pixels) 

Beam  Edge 
25  -  100 

cGy 
(%) 

(6679  pixels) 

Red 

11.6 

14.7 

5.3 

28.3 

Green 

10.9 

11.7 

7.7 

31.2 

Red  to  Blue 

6.3 

6.0 

5.2 

21.6 

Green  to  Blue 

4.8 

2.8 

5.5 

21.7 

Hybrid  Ratios 

4.7 

2.8 

5.3 

21.7 

Optimized  Multi 

4.2 

2.0 

5.1 

22.0 

Average  Dose 

4.1 

1.6 

5.2 

23.0 

Although  only  an  approximation,  the  average  dose  algorithm  appeared  to  generate  few 
exceedances  (Table  2)  relative  to  other  algorithms.  The  computed  weight  (equation  9,  Table  3) 
was  low  for  all  doses  in  this  study.  The  small  values  for  the  weight  factor  wt  (Table  3)  implied 
that  the  average  dose  derived  from  the  three  color  channels  provided  a  valid  approximation  for 
the  more  exact  analysis  (Equation  6).  The  blue  channel  calibration  curve  was  almost  orthogonal 
to  the  red  and  green  channels  for  most  dose  levels  used  in  this  study  (see  Figure  3). 

Table  3  Weight  factors  (wt)  (Equation  9)  for  the  dose  ranges  in  the  optimized  multichannel 
.algorithm  _ 


Dose  Range  (cGy) 

Weight  (Wt) 

0.0-25.0 

0.108 

25.0-50.0 

0.0153 

50.0-100.0 

0.0012 

100.0-150.0 

0.0235 

150.0-200.0 

0.00939 

200.0-250.0 

0.0822 

250.0-300.0 

0.206 

Some  general  observations  can  be  inferred  from  the  gamma  analysis.  Processing  with  the 
green  channel  usually  performed  as  well  or  better  than  the  red  channel.  Using  the  blue  channel 
required  image  averaging  to  sufficiently  reduce  the  temporal  noise. 

Summary: 

This  study  generated  procedures  and  algorithms  for  accurately  determining  doses  and 
compared  the  treatment  planning  dose  distributions  calculated  from  the  planning  system  and 
measured  from  the  EBT2  radiochromic  film.  Specifically,  this  study  developed  algorithms  that 
handled  issues  of  thickness/composition  heterogeneity  within  the  radiochromic  film  due  to  the 
manufacturing  process  on  dose  distribution  and  also  reduced  the  effects  of  inhomogeneous 
illumination  during  the  scanning  of  the  EBT2  film.  This  methodology  avoided  using 
cumbersome,  registered  correction  matrices. 
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This  study  conceived  and  tested  the  new  hybrid  combination  of  green  to  blue  ratio  to  the  red  to 
blue  ratios.  Also  this  study  proposed  and  tested  a  multichannel  dose  determination  algorithm. 
Averaging  the  test  image  mitigated  temporal  noise  in  the  blue  channel  and  the  reduced  noise  is 
essential  for  implementing  blue  channels  in  ratio  and  multichannel  algorithms.  This  study 
explicitly  described  the  algorithm  and  found  a  closed  form  (Equation  6  and  8).  Micke  et  al.  19  did 
not  explicitly  state  the  corrected  dose  and  disturbance  and  so  it  was  difficult  to  directly  compare 
this  effort  with  the  results  from  Micke  et  al.  19.  Micke  et  al.  used  a  different  disturbance  map  and 
also  employed  a  fitted  optical  density,  not  the  raw  grey  levels  to  extract  doses  from  each 
channel.  This  study  also  compared  the  multichannel  algorithms  to  those  using  two  channels  or 
channel  ratios,  not  just  to  a  single  channel.  The  hybrid  combination  of  the  channel  ratios 
performed  at  a  similarly  high  accuracy  level.  The  multichannel  average  (Equation  8)  of  the 
recorded  doses  taken  from  each  channel  performed  well  for  this  flatbed  scanner  operating  in 
reflection  mode.  However,  the  high  performance  using  the  multichannel  average  may  be  due  to 
the  low  weight  factor  and  can  be  attributed  to  the  blue  channel  calibration  curve  being  almost 
orthogonal  to  the  red  and  green  channels  for  most  dose  levels  used  in  this  study 

This  study  employed  gamma  analysis  to  compare  processing  schemes  for  measuring  the 
absolute  dose  distributions  from  EBT2  radiochromic  film.  This  study  examined  doses  deposited 
parallel  to  the  external  beam,  not  perpendicular  to  it,  as  in  most  other  efforts.  In  this  study,  the 
green  channel  generally  performed  as  well  or  better  than  the  red  channel  for  this  flatbed 
scanner.  Pixel  level  corrections  using  channel  ratios  and  multichannel  approaches  resulted  in 
substantial  improvement.  This  pixel  level  correction  was  efficient  and  the  calculations  were 
quick  (less  than  5  seconds)  The  speed  of  the  calculation  for  each  pixel  was  attributed  to  using 
the  closed  form  (Equation  6)  rather  than  iteratively  searching  for  an  optimal  solution.  The 
multichannel  approach  required  three  channels  but  also  used  the  derivative  of  the  look  up  table 
as  input. 

There  were  several  additional  features  discussed  in  this  study.  To  reduce  the  air  gap  between 
the  film  and  solid  water™,  the  phantom  was  scanned  in  a  geometry  that  permitted  compression 
without  applying  a  bulky  vice.  The  CT  imagery  was  resampled  and  rotated  for  generating  the 
desired  regions  of  interest  for  gamma  analysis.  Due  to  the  absence  of  bulky  devices,  the  entire 
radiochromic  film  was  simply  inserted  between  slabs  of  phantom  without  requiring  cutting  the 
film  to  conform  to  the  shape  of  anthropomorphic  phantoms.  In  addition,  the  “two  point” 
registration  permitted  registration  among  the  CT  imagery,  treatment  plan,  and  film  dosimetry 
without  assuming  that  the  phantom  and  film  were  aligned  during  CT  scanning. 

Organ  Motion 


Jessica  Sheehan  /  Arnaud  Belard 

INTRODUCTION: 

In  the  United  States,  lung  cancer  is  the  leading  cause  of  cancer  deaths  and  the  second  most 
diagnosed  cancer  for  both  men  and  women.  Lung  cancer  is  typically  classified  as  either  small 
cell  or  non-small  lung  cancer.  Radiation  therapy  is  commonly  delivered  in  combination  with 
other  modalities  for  a  large  number  of  patients  with  either  small  or  non-small  cell  lung  cancer. 
Radiation  therapy  utilizes  ionizing  radiation  targeted  locally  to  damage  cancer  cells  in  a  manner 
that  often  leads  to  cell  death;  however,  damage  to  normal  tissues  also  occurs. 

Accurate  treatment  of  a  patient’s  cancer  while  attempting  to  minimize  damage  to  normal  tissues 
is  complicated  by  the  presence  of  organ  motion,  with  lung  motion  being  the  most  formidable. 
Techniques  to  mitigate  (ceasing  the  motion)  or  remove  (gating  of  the  treatment)  the  effects  of 
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motion  are  employed  in  an  attempt  to  minimize  the  damage  and  exposure  of  healthy  tissue  to 
radiation  without  compromising  the  treatment  of  the  patient’s  cancer.  Thus,  for  a  radiation  dose 
to  be  deposited  effectively  to  the  treatment  site,  tracking  of  the  motion  and  adjusting  delivered 
radiation  is  desired.  The  development  of  this  technique  requires  a  dynamic  lung  phantom  that 
mimics  human  breathing,  matches  lung  tissue  density  and  heterogeneity,  and  can  incorporate 
lung  tumors  for  analysis. 

This  study  designed,  constructed,  and  is  assessing  a  dynamic  lung  phantom  for  the  use  in 
radiation  treatment  verification.  The  dynamic  lung  phantom  was  designed  to  be  progressively 
tested,  permitting  experimenters  to  examine  healthy  lungs  and  lungs  with  a  tumor  (varying 
locations  possible). 

BODY: 

A  custom  inflatable  was  commissioned  from  Jet  Creations.  Several  iterations  of  the  inflatable 
have  been  produced  and  reviewed.  Figure  1  shows  a  digital  imagine  of  the  latest  version  of  the 
inflatable,  however  the  next  iteration  is  currently  in  production.  Below  outlines  the  various 
research  phases  that  will  followed  to  best  utilize  the  custom  inflatables  once  suitable  lungs  are 
produced.  Testing  of  the  implementation  of  these  phases  is  being  conducted  on  the  imperfect 
inflatables  to  perfect  the  method. 


Phase  1 :  Motion  Exclusive  Analysis 

This  phase  would  consist  of  limiting  the  analysis  to  lung  motion  of  the  dynamic  phantom  lung. 
The  gafchromic  medium  would  be  placed  externally  on  the  phantom  to  determine  accuracy  of 
spot  dosing,  collect  control  data  for  future  research,  and  foster  understanding  of  the  accuracy  of 
predictive  models  with  organ  motion. 

Figure  2  shows  the  dynamic  lung  phantom  with  externally  placed  gafchromic  medium.  Several 
locations  are  chosen  to  enhance  understanding  and  robustness  of  the  data  sets  generated.  The 
locations  should  coincide  with  desired  locations  of  tumor  sites  in  later  phases  of  this  research. 
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Figure  2:  Dynamic  Lung  Phantom  with  Gafchromic  Medium 
Phase  2:  Motion  and  Tumor  Exclusive  Analysis 

Follow  up  research  in  phase  2  would  incorporate  the  addition  of  one  tumor  site,  centered  to 
mimic  the  highest  statistical  location  of  a  lung  tumor.  Two  potential  placement  methods  exist  for 
the  gafchromic  medium  for  this  phase,  with  the  potential  of  utilizing  both  for  robustness  of  data 
collection  if  desirable.  Figure  3  a.  and  b.  shows  the  two  distinct  methods  of  placing  the 
gafchromic  medium  within  the  tumor. 


a.  b. 

Figure  3:  Dynamic  Lung  Phantom  with  Centered  Tumor  Site:  a.)  Gafchromic  Medium  within 
Tumor  Placed  Horizontally  and  b.)  Gafchromic  Medium  within  Tumor  Placed  Vertically 

Figure  3  a.  demonstrating  the  horizontal  to  beam  path  placement,  and  Figure  3  b.  showing  the 
perpendicular  to  beam  path  orientation.  The  external  gafchromic  medium  from  the  previous 
phase  is  shown  to  remain,  and  could  be  used  to  determine  how  the  presents  of  a  tumor  affects 
these  sites  and  predictive  modeling  accuracy. 

Phase  3:  Heterogeneous  Tissues  and  Tumor  Analysis 

Phase  3  furthers  the  similitude  of  the  dynamic  phantom  to  human  anatomy  by  including  material 
to  represent  the  heterogeneous  lung  tissue  that  would  exist  between  the  outer  lung  layer  and 
the  tumor.  Figure  4  shows  the  centered  tumor  site  with  the  addition  of  a  piece  of  cork  between 
the  tumor  and  the  outer  lung  layer.  For  robustness  multiple  materials  can  be  used  to  generate 
comparison  data,  as  well  as  the  potential  to  layer  the  materials  between  the  outer  lung  layer  and 
tumor  for  increased  accuracy. 
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Figure  4:  Dynamic  Lung  Phantom  with  Centered  Tumor  Site  with  Heterogeneous  Tissue 

Material 


Phase  4:  Secondary  Site  Tumor  Analysis 

To  further  the  understanding  of  how  the  tumor  location  affects  lung  motion  and  predictive 
modeling  accuracy,  a  secondary  tumor  site  can  be  chosen.  Figure  5  shows  the  secondary  tumor 
site  in  the  upper  left  quadrant  of  the  left  lung.  Once  these  sites  are  incorporated,  they  must 
remain,  but  the  tumor  and  heterogeneous  lung  tissue  material  can  be  removed.  Again,  the 
external  gafchromic  medium  has  been  left  to  continue  to  collect  control  data  and  determine  the 
differences  between  motion  and  modeling  when:  no  tumor  is  present,  a  centered  tumor  is 
present,  a  centered  tumor  is  present  with  heterogeneous  lung  material,  and  a  non-centered 
tumor  site  exists. 


Figure  5:  Dynamic  Lung  Phantom  with  Secondary  Tumor  Site 


Phase  5:  Secondary  Site  Heterogeneous  Tissues  and  Tumor  Analysis 


Phase  5  would  be  a  replication  of  phase  3  with  the  non-centered  tumor  site.  Figure  6  shows  the 
addition  of  the  heterogeneous  lung  tissue  material. 
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Figure  6:  Dynamic  Lung  Phantom  with  Secondary  Tumor  Site  with  Heterogeneous  Tissue 

Material 
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Phase  6:  Dual  Tumor  Site  Analysis 


This  phase  would  determine  the  effects  of  multiple  tumor  sites  on  lung  motion  and  predictive 
modeling  accuracy.  Figure  7  shows  the  centered  and  secondary  tumor  sites  with  the  external 
gafchromic  medium  for  robustness.  This  phase  would  be  a  repetition  of  phase  2  or  phase  4  with 
multiple  tumor  sites. 


Figure  7:  Dynamic  Lung  Phantom  with  Dual  Tumor  Sites 


Phase  7:  Dual  Heterogeneous  Tissues  and  Tumor  Site  Analysis 

Phase  7  incorporates  the  heterogeneous  lung  tissue  material  with  multiple  tumor  sites.  Figure  8 
shows  the  addition  of  the  cork  pieces  representing  the  lung  tissue.  This  phase  will  show  how  the 
dual  tumor  sites  interact  with  the  addition  of  dosing  through  the  heterogeneous  lung  tissue 
material,  with  the  external  gafchromic  medium  as  references. 


Figure  8:  Dynamic  Lung  Phantom  with  Dual  Tumor  Sites  with  Heterogeneous  Tissue  Material 

Potential  Other  Phases 


In  addition  to  the  steps  of  research  outlined  previously,  research  could  be  conducted  on  the 
right  lung  implementing  any  or  all  the  phases.  This  would  be  additional  data  that  would  foster 
greater  understanding  of  lung  motion  and  predictive  modeling  since  it  anatomically  is  unique 
from  the  left  lung.  In  addition,  some  combination  of  tumors  on  both  halves  of  the  lungs  could  be 
examined. 


Creation  of  Tumor  Sites 


The  creation  of  the  tumor  sites  needs  to  be  impermeable  to  air  and  potentially  water.  Careful 
implementation  of  these  sites  is  necessary  to  ensure  repeatability  and  usability  of  the  dynamic 
phantom  lung.  Figure  9  shows  the  assembly  of  the  tumor  site  using  a  hex  nut  to  create  pressure 
between  the  cap  screw  and  sealant  creating  an  impermeable  seal. 
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■  Sealant 


Outer  Lu  ng  Layer  (PVC) 


Figure  9:  Schematic  of  T umor  Site 

After  several  iterations  of  custom  phantom  lungs,  a  suitable  lung  set  was  created  for  the 
dynamic  lung  phantom.  The  final  version  of  the  inflatable  lungs,  as  seen  in  Figure  9,  has  a 
centered  seam  that  was  not  part  of  the  initial  design.  Despite  being  an  unforeseeable  addition, 
the  surface  seam  does  not  interfere  with  the  motion  of  the  dynamic  lung  phantom  or  the  imaging 
that  will  occur  during  use.  Since  each  subsequent  set  of  lungs  will  require  additional  funds, 
testing  is  being  conducted  on  the  multiple  sets  of  unsuitable  inflatable  lungs  provided  by  the 
company.  This  will  allow  the  techniques  of  creating  the  motion,  attaching/detaching  the  tumor, 
and  adding  representative  tissue  material  to  be  perfected  before  any  additional  modifications 
are  made  to  the  suitable  lung  set. 


Figure  9:  Custom  inflatable  lung  set 
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Figure  10:  Inflatable  lung  with  addition  of  centered  tumor  site 


Figure  10  shows  the  addition  of  a  centered  tumor  site,  using  the  methods  previous  outlined, 
revealing  an  impermeable  seal  can  be  created  and  a  tumor  site  can  be  placed  far  from  the 
opening.  Figure  11  shows  the  addition  of  the  representative  tumor,  black  sphere,  to  the 
inflatable  lung  setup.  Research  continues  to  follow  and  improve  upon  the  procedures  outlined 
previously  for  modifying  the  inflatable  lung  setup  and  creating  a  fully  function  dynamic  lung 
phantom  with  tumor  sites. 


Figure  1 1 :  Inflatable  lung  with  centered  tumor  site  and  tumor 

An  additional  pump  was  purchased  that  match  the  flow  specifications,  and  will  be  used  in  the 
assembly.  Construction  of  the  dynamic  continues  using  the  samples  provided  the  company  to 
perfect  assembly  and  installation.  New  projects  have  been  developed  to  further  investigate 
organ/tumor  motion  by  creating  coupled  by  independent  motion  of  both  the  dynamic  lung  set 
and  the  embedded  tumor  using  spare  pumps. 

Through  an  extensive  literature  a  great  interest  in  analyzing  tumor  motion  separate  from  organ 
motion  exists  in  the  field.  A  twofold  research  effort  has  been  devised  to  properly  create  the 
synced  motion  between  the  tumor  and  organ.  This  will  be  achieved  through  using  the  dynamic 
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phantoms  coupled  with  an  inflatable  tumor  that  has  independent  tubing  and  pump  supply  to 
create  the  expansion  and  contractions  that  occur  locally  to  the  tumor  due  to  the  motion  of 
breathing,  Figure  12. 


Figure  12:  Tumor  and  Organ  Motion  Setup 


This  new  project  could  easily  lead  to  collaborations  with  Dr.  Segars  from  Duke  University,  whom 
developed  a  digital  phantom  based  on  real  patient  data  that  can  generate  tumor  and  organ 
motion  which  could  verify  the  mechanical  phantom.  Although  the  correct  motion  has  not  been 
developed  in  mechanical  phantoms  being  currently  researched  by  various  other  groups,  another 
more  interesting  research  avenue  exist  to  properly  monitor  the  tumor  motion  for  real-time 
adjustment  to  radiation  treatment.  Many  groups  have  developed  tracking  using  algorithms  and 
sensors;  however,  work  to  non-invasively  monitor  real-time  motion  in  patients  is  the  new  target 
research  path.  Many  groups  are  developing  enhanced  resolution  imaging  systems  that  reduce 
radiation  closes  that  could  be  used  to  monitor  tumor  motion  without  markers  or  seeds.  Research 
discussions  are  being  conducted  with  several  groups  with  various  enhanced  imaging  techniques 
to  determine  collaborations  and  deepen  understanding  of  this  as  a  potential  method  of  live 
tracking  tumor  motion  during  patient  treatment. 

In  this  context,  a  3-D  motion  table  was  specified  and  purchased  to  generate  comparison  data. 
The  data  will  be  used  to  verify  the  dynamic  lung  phantom,  and  ultimately  a  comparison  between 
the  two  methods  will  be  conducted.  The  table  was  received  but  required  addition  components  to 
be  operational,  as  well  as  understanding  of  the  proprietary  program  language  used  to  command 
the  motion  of  the  table.  The  table  is  generally  used  for  optical  research,  and  standard  optical 
tables  come  with  tapped  and  drilled  holes  of  a  specific  size.  Since  the  use  is  non-traditional  for 
this  table,  a  platform  was  necessary  to  attach  to  the  table  for  use. 
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Figure  12:  Three  dimensional  motion  table  setup 
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Figure  12  shows  the  three  dimensional  motion  table  setup  with  the  addition  of  the  base  plate. 
The  programming  language  is  specific  to  the  company  the  motion  table  was  purchased  from, 
and  is  not  trivial  to  master.  However,  several  sample  programs  have  been  written  and  tested. 
The  code  to  create  the  synchronized  motion  between  all  three  dimensions  to  mimic  breathing  is 
still  being  developed.  Both  the  dynamic  lung  phantom  and  the  3-D  motion  table 
experimentation  were  found  to  be  useful  in  collaboration  with  Dr  Segars’  (Duke  University) 
digital  phantom  known  as  the  XCAT. 

Several  research  teleconferences  were  conducted  to  find  possible  synergies  between  the  two 
groups’  work.  It  was  determined  that  a  comparative  study  between  digital  and  physical 
phantoms  could  be  conducted.  Currently,  examination  of  the  XCAT  phantom’s  codes  is  being 
conducted  to  foster  understanding  and  enhance  collaboration.  Due  to  the  procedures  already 
set  at  WRNMMC  through  the  collaboration  with  the  University  of  Pennsylvania,  it  was  decided 
that  testing  of  all  phantoms  would  be  conducted  at  the  WRNMMC  site. 

Telemedicine 


INTRODUCTION: 

A  major  goal  of  phases  IV  and  V  was  to  develop  a  point-to-point  and  multi-point  Remote  Proton 
Radiation  Therapy  (RPRT)  solution  to  1)  allow  Walter  Reed  (WRAMC/WRNMMC)  physicians  to 
remotely  plan  treatments  for  patients  and  2)  conduct  video-conferences  with  their  counterparts 
at  the  Hospital  of  the  University  of  Pennsylvania  (HUP)  to  optimize/validate  plans.  Once  tested 
and  implemented,  the  solution  was  to  be  optimized  and  expanded  to  other  satellite  clinics  within 
the  Military  Health  System  (MHS). 

BODY: 

1)  Remote  proton  treatment  planning 
1.1)  Pre-BRAC  (WRAMC) 

Over  the  life  of  this  grant,  the  search  for  a  robust  application-sharing  tool  to  power  our  remote 
treatment  planning  solution  has  presented  us  with  several  challenges.  Initially  encouraged  by 
the  Directorate  of  Information  Management  (WRAMC-DOIM)  to  use  Polycom  PVX  as  a  simple- 
to-use  and  cost-effective  platform  for  the  sharing  of  remote  applications,  we  were  then  steered 
towards  Defense  Connect  Online  (DCO),  a  DoD-managed  version  of  the  popular  Adobe 
Connect  application. 

Along  the  course  of  evaluating  this  package,  we  were  told  by  DCO  that  due  to  sessions  being 
recorded  and  stored  (with  data  potentially  accessed  by  non-HIPAA  certified  staff),  the  use  of  this 
platform  as  a  virtual  medical  simulation  tool  would  have  to  be  suspended  until  the  HIPAA  issue 
could  be  addressed  appropriately.  Numerous  exchanges  took  place  between  our  group  and 
DCO  as  we  constantly  engaged  them  on  the  possibility  of  using  this  particular  platform  for  data- 
collaboration  (other  military  treatment  facilities  have  expressed  interest  in  using  this  web- 
collaboration  tool  for  clinical  use  so  there  seems  to  be  MEDCOM-wide  interest).  The  benefits  of 
this  existing  solution  were  many  (free,  flexible,  DOD-managed/sponsored,  meets  our 
‘application-sharing’  requirements)  and  we  felt  confident  we  could  make  a  case  to  either  1)  have 
monitors  receive  HIPAA  training  or  2)  receive  an  outright  exemption  from  monitoring. 
Unfortunately,  our  efforts  yielded  little  traction  and  we  were  thus  forced  to  look  to  another 
alternative,  one  which  would  not  only  meet  the  security  requirements  of  the  DoD  but  also  be 
HIPAA-certified. 
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Following  a  demonstration  by  Varian  Medical  Systems  (provider  of  the  Eclipse  treatment 
planning  package  used  for  both  conventional  and  proton  radiation  therapy),  our  program  settled 
on  the  CITRIX  solution  to  power  the  application-sharing  portion  of  our  telemedicine  solution: 

i)  Ability  to  securely  transfer  CT  sets  from  the  local  workstation  (where  the  CITRIX  client  is 
activated,  i.e.  at  WRAMC)  to  the  remote  workstation  (where  the  patient  plan  will  be  generated 
and  stored,  i.e.  at  Penn); 

ii)  Ability  to  connect  to  the  Penn  workstation  to  engage  in  the  remote  treatment  planning  of  DOD 
patients,  as  stated  in  the  grant’s  research  goals; 

iii)  Ability  to  application-share  with  the  remote  site  (resolving,  in  an  ad-hoc  manner,  planning 
and/or  setup  discrepancies). 

The  system  was  purchased  in  the  first  quarter  of  2010  and  subsequently  delivered/installed  at 
the  UPHS  Data  Center  in  Newark  in  May.  In  parallel,  the  CITRIX  client,  a  key  component  of  the 
application-sharing  solution,  was  installed  on  all  providers’  PCs  and  a  ‘shared  drive’  (onto  which 
DICOM-RT  sets  were  to  be  transferred  from  WRNMMC  to  UPenn)  was  configured. 

The  DoD  proton  calculation  engine  was  transferred  to  HUP  earlier  this  year.  Following  lengthy 
exchanges  between  the  Army  contract  representative  and  the  provider  of  the  system  (Varian 
Medical  Systems),  the  transfer  of  licenses  (needed  for  proton  planning)  and  the  maintenance  of 
the  workstation  off-site  was  also  arranged.  This  solution  is  presented  in  Figures  1  and  2  below. 


WRAMC  LAN  ** 
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Figure  1  -  Citrix  powered  solution  (a) 
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RPRT  -  CITRIX  solution  (remote  treatment  planning) 


□  WRAMC 


Figure  2  -  Citrix  powered  solution  (b) 


As  our  Program  readied  the  migration  of  its  RPRT  solution  to  WRNMMC  (in  the  context  of  the 
BRAC),  we  were  instructed  by  the  National  Naval  Medical  Center’s  Responsible  Conduct  of 
Research  Service  (RCRS)  that  the  Data  User  Agreement  guiding  the  use  of  the  telemedicine 
solution  between  the  two  institutions  would  need  to  be  folded  into  a  comprehensive  Navy 
Cooperative  Research  and  Development  Agreement  (N-CRADA).  Although  the  N-CRADA  was 
not  required  for  the  work  being  conducted  under  this  cooperative  agreement,  it  was  enforced  by 
NNMC  on  the  basis  that  DoD  physicians  and  their  proton  patients  would  be  involved  in  clinical 
trials  run  jointly  with  a  civilian  institution. 

The  development  of  this  CRADA,  with  its  associated  Data  Sharing  Agreement  and  Security 
System  Verification  (SSV)  questionnaire,  took  many  months  to  finalize,  thus  delaying  the 
operational  launch  of  the  RPRT  system  to  treat  DOD  patients  enrolled  under  joint  proton  clinical 
trials. 

1.2)  Post-BRAC  (WRNMMC) 

In  December  of  2012,  a  few  months  after  the  merger  between  WRAMC  and  NNMC,  the 
Program  was  informed  by  the  University  of  Pennsylvania  Health  System  (UPHS)  that  the  Junos 
client  (Juniper)  would  replace  the  CITRIX  Access  Gateway  (CAG)  for  VPN  access.  This 
decision  to  switch  the  ‘client’  was  communicated  to  us  abruptly  (i.e.  24-hour  shutoff  window). 
With  the  help  of  the  RadOnc  IT  staff,  we  made  the  case  to  UPHS  that,  Junos  not  being 
approved  for  deployment  on  a  DoD  network,  a  postponement  was  needed;  an  extension  to 
MAR  01  2012  (three  months)  was  granted. 
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We  quickly  identified  that  Junos  was  not  approved  for  deployment  on  a  DoD  network  ;  however, 
the  Juniper  Net  Connect  client,  a  suitable  alternative,  was.  Reaching  to  WRNMMC  Information 
Technology  Department  (ITD),  we  quickly  worked  on  getting  this  solution  up-and-running, 
before  the  termination  date  of  the  CAG  (FEB  29  2012). 

Initial  requests  to  have  the  client  installed  on  all  provider  PCs,  to  include  physicians,  medical 
physicists  and  dosimetrists,  were  denied  by  WRNMMC  ITD.  Security  concerns  were  raised.  Our 
program  floated  the  idea  of  having  a  single  PC,  to  be  placed  on  the  DMZ,  configured  as  a  ‘jump 
box’,  from  which  providers  could  launch  the  Juniper  Net  Connect  Client  and  remotely  access  the 
proton  treatment  planning  package  at  the  University  of  Pennsylvania.  This  approach  was 
approved  and  subsequently  configured  over  the  course  of  several  weeks  (Figure  3). 


™  Penn  Medicine 

WRNMMC:  High  Level  Connectivity  Logical  Di-agmm 
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Figure  3  -  RPRT  connectivity  logical  diagram 


While  the  solution  does  work  today,  it  1)  forces  users  to  work  from  a  unique  location  when 
planning  a  proton  plan  remotely,  and  2)  does  not  integrate  with  our  existing  infrastructure  since 
the  ‘jump  box’  does  not  touch  the  network  (i.e.  any  treatment  data  has  to  be  burned  on  a  CD 
and  manually  transferred).  This  was,  and  continues  to  be,  a  major  downgrade  from  the  solution 
we  had  deployed  at  WRAMC  (CITRIX-powered  solution  residing  on  all  providers’  PCs, 
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themselves  paired  with  audio-videoconferencing  units).  System-performance  under  these  new 
conditions  was  initially  erratic  (intermittent  disconnection)  but  has  since  become  much  more 
stable. 


2)  Audio-video  conferencing  support 

During  the  period  of  performance  of  this  sub-award,  eleven  Tandberg  units  were  acquired  and 
deployed  to  locations  likely  to  be  involved  in  remote  proton  radiation  therapy  planning,  now  and 
in  the  future:  National  Naval  Medical  Center  (NNMC),  Walter  Reed  Army  Medical  Center 
(WRAMC),  Madigan  Army  Medical  Center  (MAMC),  Brooke  Army  Medical  Center  (BAMC), 
National  Cancer  Institute  (NCI),  and  HUP.  With  the  merger  of  WRAMC  and  NNMC  in  SEP  201 1 , 
some  of  the  units  were  consolidated  at  the  newly  renamed  Walter  Reed  National  Military 
Medical  Center  (WRNMMC). 

Full  bilateral  connectivity  between  WRAMC/WRNMMC  and  HUP  remained  a  problem 
throughout  the  course  of  phases  IV  and  V  and  was  not  fully  addressed  until  Q1  of  2013.  Initial 
problems  were  attributed  to  a  configuration  setting  with  the  long-distance  carrier  HUP  was  using 
for  outbound/inbound  ISDN  calls. 

Multiple  tests  were  conducted  during  the  course  of  2010,  involving  not  only  Walter  Reed  and 
HUP,  but  also  Polycom,  RoData  (provider  of  the  RMX2000  videoconferencing  bridge),  Criticom 
(provider  of  the  Tanderbg  1700  MXP  desktop  VTC  units),  and  USAMITC  engineers.  Per  a 
request  communicated  by  both  RoData  and  Polycom,  logs  of  calls  placed  by  both  institutions 
were  captured  and  transmitted.  We  were  subsequently  asked  to  disable  some  of  the  features  of 
the  units  to  identify  which  of  the  protocols  was/were  causing  the  video  transmission  issue. 
H.239  (content-sharing)  and  H.264  /  H.263  (transmission  protocol  for  audio-video  transmission) 
were  disabled  sequentially.  We  did  achieve  complete  connectivity  using  the  much  older  H.261 
protocol,  but  the  video-quality  was  sub-optimal. 

To  eliminate  yet  another  potential  cause,  both  Walter  Reed  and  HUP  upgraded  their  Tandberg 
1700  MXPs  and  RMX2000  MCU  to  the  latest  software  version  (respectively  8.2  and  2.0). 
Subsequent  tests  showed  that  the  upgrade  had  no  meaningful  impact  on  connectivity  (i.e.,  the 
majority  of  calls  still  failed  to  produce  incoming  video  for  HUP).  Further  testing,  this  time 
involving  engineers  from  the  USAMITC  bridge,  offered  a  possible  cause.  According  to  the 
release  notes  for  the  CODIAN  gateway  2.0,  bug  ID  2867  could  explain  our  inability  to  have  full 
connectivity.  During  this  latest  series  of  tests,  logs  were  again  captured  and  subsequently  sent 
to  the  Tandberg  development  team  (escalated  to  Tier  3  at  Polycom  as  well).  The  ‘bug  ID  2867’ 
entry  is  being  inserted  here  for  reference. 

A  subsequent  update  from  Tandberg  indicated  the  development  team  was  able  to  replicate  the 
issue  in  its  own  lab,  and  was  now  working  with  Polycom  to  address  the  problem. 

With  the  merger  of  WRAMC  and  NNMC,  the  Tandberg  1700  MXP  units  transferred  to  the  Walter 
Reed  National  Military  Medical  Center  (WRNMMC)  were  initially  not  supported  by  the 
Information  Technology  Department  (ITD),  following  guidance  by  the  Joint  Task  Force  (JTF) 
Chief  Information  Officer  (CIO).  At  hand  was  the  issue  of  the  units  not  being  owned  by 
WRNMMC  but  by  the  Henry  M.  Jackson  Foundation  for  the  Advancement  of  Military  Medicine 
(HJF).  This  lack  of  support  prevented  us  from  maintaining  the  units  and  assisting  with 
troubleshooting. 
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The  Program  made  the  case  that  these  units  were  purchased  and  deployed  as  part  of  a 
comprehensive  remote  proton  radiotherapy  treatment  planning  solution  and  that  the  design, 
testing  and  deployment  of  this  system  is  one  of  the  deliverables  of  our  $43  million,  seven-year 
on-going,  research  effort  linking  the  Radiation  Oncology  departments  of  the  University  of 
Pennsylvania  and  the  Walter  Reed  Army  Medical  Center  (now  the  Walter  Reed  National  Military 
Medical  Center).  The  Program  further  articulated  that  this  solution  relied  on  our  physicians' 
ability  to  conduct  ad-hoc 

videoconference  calls  with  their  counterpart(s)  at  HUP,  should  problems  occur  during  the 
planning  of  treatments  and/or  during  the  setup  of  patients  (i.e.  minutes  before  radiation 
treatment  is  to  be  delivered).  While  these  units  were  indeed  owned  by  the  HJF,  we  argued  they 
were  purchased  via  a  DoD  research  grant  to  fulfill  a  patient-care  objective  at  this  MTF.  In 
addition,  the  units  were  certified  by  the  Joint  Interoperability  Test  Command  (JITC),  patched  to 
the  latest  version,  and  under  a  maintenance  contract  until  DEC  2013. 

During  the  following  months,  the  JTF  CIO  instructed  his  team  to  look  into  the  matter.  Following 
numerous  exchanges,  an  agreement  was  reached  to  support  these  units.  Realizing  this 
telemedicine  solution  is  integral  to  the  care  of  cancer  patients  receiving  proton  radiotherapy,  the 
ITD  agreed  to  troubleshoot  connectivity  issues  as  they  arose,  to  include  gatekeeper/gateway 
registration  with  USAMITC. 

During  the  course  of  the  summer  of  2012,  our  ability  to  connect  was  hindered  Walter  Reed 
Bethesda  experienced  a  faulty  network  card,  preventing  ISDN  calls  from  the  outside  (using  the 
210.250.xxxx  prefix).  This  particular  issue  was  eventually  addressed  and  we  now  have  the 
ability  to  once  again  conduct  audio-video  teleconferences  with  outside  institutions. 

Robust  connectivity  with  the  University  of  Pennsylvania’s  Radiation  Oncology  Department  was 
finally  resolved  in  the  Q1  of  2013,  following  an  upgrade  of  HUP’s  VTC  system  (to  include  a 
dedicated  ISDN  line). 


Neutron  and  Microdosimetrv  of  the  Proton  beam 


Introduction 

One  goal  of  phase  IV  was  to  develop  and  implement  radiation  dose  measurement  devices  to 
characterize  the  secondary  radiation  produced  by  proton  interactions  in  the  patient  and  in  the 
beam  modification  devices  that  are  used  to  deliver  a  therapeutically  accurate  and  useful  proton 
beam.  The  secondary  radiation  outside  of  the  treatment  volume  of  a  proton  field  consists 
primarily  of  gamma  and  neutron  radiation.  Gamma  ray  and  neutron  radiation  is  known  to  have 
different  biological  effects  relative  to  Cobalt-60  or  x-ray  radiation  (RBE).  The  effects  of  proton 
induced  gamma  ray  radiation  on  biological  tissue  are  not  strongly  sensitive  to  the  energy 
spectrum  and  have  a  RBE  very  nearly  equal  to  1  since  the  quality  of  this  radiation  is  equivalent 
to  the  Cobalt-60  and  x-ray  baseline  radiation.  However,  the  RBE  of  neutron  radiation  depends 
strongly  on  the  energy  spectrum  and  patterns  of  microscopic  energy  deposition.  Physical 
characterization  of  the  neutron  field  is  vital  to  understanding  the  role  this  radiation  can  have  in 
adverse  biological  effects  and  this  relies  on  measurements  of  absolute  dose  deposition  and 
microdosimetric  measurements  of  the  spatial  and  temporal  patterns  of  dose  deposition  in 
volumes  approaching  the  micron  (ie.  10'6  m)  dimensions  relevant  to  biological  cells. 

1  Microdosimetry 
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1. 1  Microdosimetry  Detector 

We  have  constructed  a  tissue-equivalent  proportional  counter  (P.  Kliauga  1995)  to  be  used  for 
measurements  of  the  lineal  energy  spectra  of  neutrons  in  the  proton  Bragg  peak  and 
surrounding  volumes.  The  detector  is  a  miniature  tissue-equivalent  proportional  counter 
(TEPC)  and  is  based  on  a  design  (Burmeister  1999)  with  an  active  counting  volume  consisting 
of  a  2.5  mm  right  cylinder  with  volume  12.27  mm3.  A  diagram  depicting  a  cross  sectional  side 
view  of  the  cylindrically  symmetric  detector  is  shown  in  Figs.  1  and  2.  The  detector  consists  of  a 
thin-shelled  aluminum  capsule  about  40  mm  long  and  9  mm  in  diameter  attached  to  a  long 
aluminum  stem.  A  10  pm  diameter  wire  forms  the  anode  of  the  proportional  counter  inside  the 
thin  aluminum  shell.  The  cathode  is  constructed  of  A-150  tissue  equivalent  plastic.  The  anode 
wire  runs  through  glass  capillary  tubing  that  is  inserted  into  stainless  steel  field  tubes  that  define 
a  uniform  electric  field  within  the  detector’s  2.5  mm  right  circular  cylindrical  active  area,  Fig  3.  A 
propane  based  tissue-equivalent  (TE)  gas  (ICRU  1983)  fills  the  active  counting  volume  at  a 
pressure  determined  by  the  desired  simulation  diameter  X  according  to  the  equation,  Xptissue  = 
Dpgas.  Where  D  is  the  detector  active  volume  diameter  and  ptiSsue>  Pgas  are  tissue  and  TE  gas 
densities. 


Gas  Inlet/ 

Electronic  Connection 


Figure  10.  Cross  sectional  view  of  the  cylindrically  symmetric  TEPC. 


Figure  1 1 .  Cross  sectional  diagram  of  the  active  area  of  the  TEPC. 
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Figure  3.  Completed  TEPC  shown  with  the  aluminum  shell  removed. 


1.2  Data  Acquisition  Electronics 

The  TEPC  is  a  proportional  counter  that  responds  to  a  charged  particle  passing  through  its 
sensitive  volume  by  producing  an  analog  current  pulse  with  charge  integral  which  is  proportional 
to  the  energy  deposited  in  the  sensitive  volume.  The  pulse  is  amplified  in  a  charge  sensitive 
pre-amplifier  and  processed  with  an  analog  pulse  shaping  circuit.  The  resulting  voltage  pulse 
(Fig.  4)  has  amplitude  proportional  to  the  ionization  in  the  detector  and  the  pulse  is  shaped  to 
minimize  pile-up.  The  amplified  and  shaped  pulses  are  digitized  using  a  high-speed  sampling 
ADC  (National  Instruments  Model  PXI-5105)  residing  in  a  PXI  chassis  which  is  connected  to  the 
PCI  bus  of  a  dual  core  notebook  computer,  Figs.  5  and  6.  The  digitizer  card  samples  up  to  8 
channels  simultaneously  at  a  rate  of  60MS/s.  The  graphical  programming  environment 
LabVIEW  (National  Instruments  Corporation)  is  used  to  control  the  digitizer  card  and  develop 
the  data  acquisition  software.  This  software  controls  the  digitization  of  analog  pulses  in  the 
digitizer  card,  acquires  the  digitized  pulses  to  disk,  and  extracts  the  amplitude  from  the  digitized 
pulse.  The  amplitudes  are  calibrated  in  software  and  are  displayed  in  a  histogram  to  depict  a 
lineal  energy  spectrum. 


Figure  4.  Representative  voltage  pulse  after  digitization. 
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Figure  5.  Diagram  depicting  the  detector  operation  and  pulse  processing 
electronics. 


Figure  6.  Electronics  rack  housing  the  pulse  processing  and 
analysis  electronics. 


1.3  Data  Acquisition  and  Analysis  Software 

The  LabVIEW  programming  environment  automatically  parallelizes  code  and  this  feature  was 
used  to  increase  the  throughput  of  the  data  acquisition  system.  A  producer/  consumer 
architecture  running  in  parallel  is  used  to  acquire  and  process  analog  pulse  data.  Data 
acquisition  is  performed  in  a  producer  loop  running  on  one  processor  core,  which  places  the 
digitized  waveform  in  a  buffer.  The  buffer  is  emptied  by  a  consumer  loop  running  in  parallel  on 
the  second  processor  core  writing  the  waveform  to  disk.  This  parallel  software  architecture  has 
allowed  us  to  attain  maximum  continuous  pulse  acquisition  rates  of  up  to  26  kHz.  The 
limitations  of  the  TEPC,  digitizer  board  and  PCI  bus  are  considerably  higher,  around  100kHz,  so 
an  optimization  of  the  acquisition  routine  has  the  potential  to  substantially  improve  the  count 
rate  capability  of  this  system.  The  acquisition  software  records  the  digitized  detector  signal  to  a 
file  written  in  binary  format  and  simultaneously  extracts  pulse  height  and  timing  information. 
Pulse  height  histograms  can  be  displayed  in  a  separate  LabVIEW  program  while  data  is  being 
acquired.  Alternatively,  the  recorded  binary  files  can  be  read  in  and  pulse  height  histograms 
and  timing  information  are  extracted  and  displayed  using  Matlab  (The  MathWorks,  Inc.)  scripts. 
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Figure  9.  LabVIEW  block  diagram  of  the  data  acquisition  software. 


1.4  Charged  Particle  Veto 

When  a  neutron  interacts  within  the  TEPC  active  volume  the  dominant  physics  process  is 
primarily  elastic  scattering  with  protons  in  the  tissue  equivalent  gas  or  plastic  (Knoll  2000). 
These  collisions  can  transfer  up  to  the  total  kinetic  energy  of  the  neutron  to  a  secondary  proton. 
This  secondary  proton  can  then  ionize  the  gas  in  the  detector  volume.  Consequently,  the 
response  of  the  detector  to  proton  radiation  is  indistinguishable  from  neutron  radiation.  This 
ambiguity  can  be  resolved  by  using  a  proton  veto  detector  in  conjunction  with  the  TEPC.  The 
general  concept  is  to  surround  the  TEPC  with  another  detector  or  array  of  detectors  that  are 
relatively  insensitive  to  neutron  radiation  compared  to  its  response  to  proton  radiation.  A  proton 
detected  in  the  veto  detector  in  timing  coincidence  with  a  signal  originating  from  the  TEPC  can 
then  be  discarded,  Figs  9  and  10.  The  result  is  the  ability  to  separate  the  portion  of  the  lineal 
energy  spectrum  due  to  primary  protons  from  the  part  due  to  protons  secondary  to  neutrons. 
Two  300pm  thick  fully-depleted  transmission-type  silicon  surface-barrier  detectors  will  be  used 
as  veto  detectors  in  conjunction  with  the  TEPC. 
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TEPC  SSB 


Figure  9.  Diagram  depicting  a  primary  proton  event  incident  on 
the  TEPC  and  silicon  surface  barrier  veto  detectors. 


Figure  10.  Diagram  depicting  a  secondary  proton  due  to  a 
neutron  interaction  in  the  TEPC  and  silicon  surface  barrier  veto 
detectors. 


1.5  Microdosimetry  measurements 

The  TEPC  was  filled  with  a  low  pressure  propane  based  tissue  equivalent  gas  mixture  to 
simulate  a  2  pm  tissue  volume.  A  proton  beam  with  field  size  10  cm  x  10  cm,  range  of  25  cm, 
and  modulation  10  cm  was  prepared  and  delivered  into  a  stack  of  solid  water  plastic  slabs 
totaling  30  cm  in  thickness.  The  TEPC  was  placed  between  the  solid  water  plastic  slabs  at 
depths  of  22  cm,  24  cm,  and  25  cm.  Spectra  were  acquired  at  these  positions  using  the 
LabVIEW  based  data  acquisition  and  analysis  system  that  was  developed  in  previous  quarters. 
The  pulse  signal  produced  by  the  TEPC,  operated  with  an  electrical  bias  of  800V,  was  amplified 
in  a  Canberra  model  2006PC  pre-amplifier  connected  directly  to  the  TEPC  in  the  proton  gantry 
room.  This  amplified  signal  was  then  run  via  coaxial  cable  to  an  electronic  rack  containing  two 
NIM  bins  containing  pulse  processing  modules,  an  oscilloscope  fortroubleshooting  and  system 
analysis,  and  a  PXI  crate  containing  the  waveform  digitizer  and  generator  modules.  The  pre¬ 
amplified  signal  from  the  TEPC  was  split  into  3  channels  and  each  was  amplified  and  shaped  to 
suppress  the  exponential  decay  tail.  The  three  channels  were  amplified  with  successively  larger 
gains  and  the  outputs  were  digitized  in  a  LabVIEW  controlled  waveform  digitizer.  The  LabVIEW 
data  acquisition  system  uses  a  single  trigger  for  all  3  inputs,  so  the  waveform  digitizer  was 
triggered  by  the  summed  output  of  3  Ortec  timing  single  channel  analyzers  connected  to  the 
bipolar  outputs  of  the  shaping  amplifiers.  This  triggering  system  ensures  the  system  is  still 
triggered  by  the  lowest  and  highest  amplitude  pulses.  The  pulse  waveforms  were  digitized  at  a 
sampling  rate  of  10  MS/s  and  waveforms  of  500  samples  for  each  of  the  three  amplification 
channels  and  written  to  computer  disk. 
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Each  spectra  was  acquired  in  a  file  of  approximately  500k  such  events  and  the  data  was 
analyzed  using  software  developed  in  the  LabVIEW  language.  The  maximum  amplitude  of  each 
waveform  was  measured  and  histogrammed.  The  three  spectra  obtained  from  the  amplification 
channels  were  analyzed  for  overlap  and  combined  to  form  a  single  matched  spectrum  covering 
4  decades  of  dynamic  range.  The  spectrum  was  rebinned  using  logarithmically  sized  bins  and 
the  bin  contents  were  multpiplied  by  their  value  on  the  x-axis.  This  results  in  a  spectrum  of  dose 
with  lineal  energy  shown  on  the  x-axis.  The  area  of  the  spectrum  between  any  two  bins  in  lineal 
energy  divided  by  the  total  area  of  the  spectrum  is  equal  to  the  fraction  of  absorbed  dose  from 
events  with  lineal  energy  between  thos  two  bins. 

This  procedure  was  repeated  for  TEPC  placements  at  solid  water  depths  of  22  cm  (Fig.  1 1 ),  24 
cm  (Fig.  12),  and  25  cm  (Fig.  13).  The  spectrum  shown  in  Fig.  3  shows  a  distinct  vertical  edge 
at  the  high  lineal  energy  end  of  the  spectrum.  This  edge  is  presumed  to  be  the  proton  edge 
which  represents  the  maximum  energy  that  can  be  deposited  by  a  proton  in  a  2  pm  tissue 
equivalent  sphere,  ie.  137  keV/pm.  Identification  of  this  edge  allowed  us  to  calibrate  all  3 
spectra  in  lineal  energy.  Edges  seen  at  higher  lineal  energies  are  likely  due  to  heavy  ions  such 
as  alpha  particles  or  carbon  nuclei  produced  in  nuclear  reactions  induced  by  the  primary 
protons.  The  measurement  of  Fig.  3  was  at  the  distall  edge  of  the  proton  SOBP,  so  it  follows 
that  slower  protons  that  have  nearly  stopped  dominate  the  dose  deposited  in  this  area.  As  is 
well  known,  the  LET  of  protons  increases  rapidly  as  they  slow  down  producing  a  bragg  peak  at 
the  end  of  their  range  in  matter.  Hence  the  prominance  of  the  proton  edge  in  Fig.  3,  compared 
to  the  spectra  of  Fig.  1  and  2,  where  the  measurements  are  taken  closer  to  the  middle  of  the 
SOBP  with  a  larger  fraction  of  low  LET  protons. 


Figure  1 1 .  TEPC  measurement  at  a  depth  of  22  cm  in  solid  water  plastic.  Amplitude  along  the  x- 
axis  is  calibrated  to  keV/pm.  Counts  on  the  y-axis  are  arbitrarily  normalized. 


50 


Matched  ydy  |  histogram  count  |Hi  [ 


amplitude 


Figure  12.  TEPC  measurement  at  a  depth  of  24  cm  in  solid  water  plastic.  Amplitude  along  the  x- 
axis  is  calibrated  to  keV/pm.  Counts  on  the  y-axis  are  arbitrarily  normalized. 
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Figure  13.  TEPC  measurement  at  a  depth  of  25  cm  in  solid  water  plastic.  Amplitude  along  the  x- 
axis  is  calibrated  to  keV/pm.  Counts  on  the  y-axis  are  arbitrarily  normalized.  Calibration  of  this 
spectrum  and  those  in  Fig.  1  and  2,  was  obtained  by  identifying  the  vertical  edge  (calibrated  to 
137  keV/pm)  as  the  proton  edge. 


2.  Neutron  Dosimetry 

We  have  designed  and  built  large  volume  ionization  chambers  for  use  with  the  dual-ionization 
chamber  method  (ICRU,  1977).  This  is  a  method  used  in  gamma-neutron  mixed  field  dosimetry 
where  two  dosimeters  with  different  sensitivities  to  the  two  types  of  radiation  are  used  to 
evaluate  the  separate  absorbed  doses.  We  have  implemented  this  method  to  measure  neutron 
dose  contamination  due  to  the  proton  beam  incident  on  the  patient  and  the  beam  modifying 
devices  such  as  the  Tungsten  MLC.  Previous  measurements  were  done  with  commercially 
available  chambers  having  a  volume  of  Icc.  The  small  signal  and  relatively  large  leakage 
current  present  in  these  detectors  made  this  measurement  problematic.  For  this  reason  we 
decided  to  build  a  large  volume  Magnesium  walled  chamber  and  another  chamber  identical  in 
every  way  aside  from  having  a  wall  constructed  of  TE  plastic.  The  chamber  constructed  with  TE 
materials  exhibits  a  stronger  response  to  neutron  dose  compared  to  the  chamber  constructed  of 
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Magnesium.  We  chose  a  volume  of  approximately  lOcc  for  our  chamber  design,  which 
increases  the  measured  signal  substantially  and  decreases  the  detector  contribution  to  the 
leakage  current  by  increasing  the  insulator  thickness.  The  design  follows  a  standard  Farmer 
chamber  design  with  a  guard  ring,  Fig.  14  and  Fig.  15.  The  chambers  were  also  equipped  with 
gas  flow  inlets  and  outlets  and  a  methane  based  TE  gas  was  maintained  with  a  constant  flow 
through  the  TE  chamber  while  Argon  gas  flowed  through  the  Magnesium  chamber. 

As  the  secondary  neutron  field  produced  by  the  proton  beam  is  predicted  to  be  low  (several 
mGy  per  Gy  delivered),  we  have  constructed  our  own  chambers  with  considerably  larger 
volumes  than  the  commercially  available  chambers  used  in  the  literature.  To  accurately 
determine  the  neutron  and  gamma  sensitivity  of  our  custom  chambers  we  developed  Geant4 
(Agostinelli  et.  al.,  2003)  Monte  Carlo  (MC)  simulations  which  use  MC  generated  neutron 
spectra  data.  The  MC  simulation  accurately  models  the  chamber  geometry  and  uses  the 
available  neutron  interaction  cross  section  data  to  calculate  energy  deposition  in  the  active 
volume  of  the  chambers.  By  changing  the  material  composition  of  the  chambers  in  the 
simulation  to  match  the  composition  of  the  chambers  we  have  built,  we  can  determine  the 
relative  sensitivity  of  the  chambers  in  the  field  produced  by  the  proton  beam.  Details  of  the 
implementation  and  measurements  performed  in  the  proton  beam  can  be  found  in  Diffenderfer 
et.  al.,  2011. 
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Figure  14.  lOcc  ionization  chamber  design.  Dimension  shown  in  millimeters. 


Figure  15.  A  10CC  Magnesium  walled  ionization  chamber  (top)  and  tissue  equivalent  plastic 
walled  ionization  chamber  (bottom). 

Cone  Beam  Computed  Tomography  (CBCT) 


INTRODUCTION: 

The  development  of  an  on  board  cone  beam  computed  tomography  (CBCT)  system  for  image 
guidance  in  proton  therapy  is  a  joint  project  between  IBA  proton  therapy  and  the  University  of 
Pennsylvania.  The  availability  to  visualize  soft  tissue  and  3D  anatomy  to  set  up  patients  in 
treatment  position  offers  distinct  advantages  over  conventional  orthogonal  kV  X-ray  imaging. 
While  kV  image  guidance  uses  the  bony  anatomy  or  implanted  fiducials  as  surrogates  for 
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localization,  CBCT  enables  more  precise  localization  of  the  actual  treatment  volume  and  the 
surrounding  organs  at  risk.  Radiation  dose  delivered  by  protons  is  sensitive  to  changes  in  the 
proton  beam  path.  One  envisioned  use  of  CBCT  is  to  assess  if  patient  anatomical  changes  may 
potentially  impact  the  dose  distribution. 

A  number  of  technical  challenges  need  to  be  overcome  in  order  to  deploy  a  CBCT  system 
mounted  on  a  proton  gantry.  Due  to  the  size  and  weight  of  the  gantry,  there  is  an  angular 
dependent  shift  in  the  source  and  detector  positions  relative  to  the  imaging  isocenter.  If  left 
uncorrected,  these  shifts  in  the  CBCT  projection  images  will  deteriorate  the  image  quality  and 
cause  significant  artifacts  in  the  image.  The  design  and  implementation  of  a  CBCT  system 
includes  the  following: 

(1 )  Development  of  analytical  tools  to  quantify  and  correct  X-ray  source  and  detector  tilt  as  a 
function  gantry  angle 

(2)  Evaluation  of  a  new  X-ray  source  with  a  higher  heat  capacity  rating  suitable  for  CT 
acquisition 

(3)  Evaluation  of  new  larger  area  X-ray  detector  panel 

(4)  Development  of  CBCT  image  reconstruction  software 

(5)  Development  of  a  new  imaging  software  suite  (ImagX)  for  patient  setup  using  kv/CBCT 
imaging 

(6)  Development  of  proton  specific  applications  of  CBCT. 


BODY: 

1.  Geometrical  Setup  of  On  Board  Proton  CBCT  System 

CBCT  systems  have  been  used  for  external  beam  image  guided  radiation  therapy  since 
its  development  in  1999.  It  is  now  widely  available  as  an  on  board  imaging  device  that  is 
mounted  on  the  linac  gantry  [Jaffray  1999].  The  geometry  of  the  X-ray  source  and  imager  on  a 
proton  gantry  differs  from  a  linac  in  that  the  source  to  axis  distance  (SAD)  is  several  times  larger 
(Figure  1).  As  a  consequence,  the  X-ray  tube  power  requirement  in  the  proton  therapy  system  is 
about  nine  times  greater  than  that  in  a  compact  linac  system.  This  disadvantage  is  potentially 
outweighed  by  the  reduction  in  off-axis  image  distortion  that  is  present  in  all  CBCT  system 
owing  to  the  smaller  X-ray  cone  angle. 


53 


One  of  the  biggest  technical  challenge  in  the  development  of  a  gantry  based  CBCT 
system  is  compensation  for  the  angular  dependence  in  the  shift  in  source  and  detector  positions 
relative  to  the  imaging  isocenter.  If  left  uncorrected,  these  shifts  in  the  CBCT  projection  images 
will  deteriorate  the  image  quality  and  reduce  image  resolution  in  the  reconstructed  image.  The 
seven  parameters  that  define  the  gantry  flexmap  are  the  two  X-ray  source  transverse 
translations,  two  detector  transverse  translations  and  three  detector  rotations  (Figure  2). 


Figure  2.  The  seven  geometrical  parameters  as  a  function  of  gantry 
angle  that  are  needed  to  compensate  for  X-ray  source  and  detector 
shifts. 
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A  calibration  technique  was  developed  and  used  to  measure  the  geometrical  parameters 
in  treatment  room  4  of  the  University  of  Pennsylvania  Roberts  Proton  Center  in  2012.  The 
cylindrical  calibration  phantom  consists  of  37  precision  mounted  metal  markers  (Figure  3).  By 
acquiring  projections  of  the  phantom  at  every  20  degrees,  the  seven  geometrical  parameters 
can  be  estimated  by  performing  a  least  squares  fit  to  minimize  the  difference  in  the  relative 
positions  between  the  measured  and  expected  position  of  the  37  markers.  The  results 
presented  in  Figure  4  shows  that  the  X-ray  tube  displacement  exhibits  a  sinusoidal  variation  as 
a  function  of  gantry  angle.  Further  analysis  reveals  that  the  three  most  sensitive  parameters  that 
impact  the  image  quality  are  the  detector  translations  and  rotation  around  the  axis  defined  by 
the  source  to  imager. _ 


Figure  3.  Geometrical  calibration  phantom  with  37  metal  spheres  that  is 
used  to  determine  the  flexmap. 


The  results  of  this  calibration  measurement  were  presented  as  a  poster  at  the  PTOG  2012 
annual  meeting  in  Seoul,  South  Korea.  Further  calibration  measurements  will  be  made  to 
quantify  the  reproducibility  of  these  deformations. 


Figure  4.  Measurement  results  of  the  X-ray  tube  and  detector  flex  as  a  function  of 
gantry  angle. 
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3.  Hardware  Selection  and  Testing  using  a  Bench  Top  CBCT  System 

Prior  to  CBCT  installation  on  the  proton  gantry  at  the  University  of  Pennsylvania  Proton  Therapy 
Center,  the  performance  of  the  selected  CBCT  hardware  were  evaluated  on  a  benchtop  system 
at  IBA.  Using  an  identical  geometrical  setup  as  the  proton  gantry  (Figure  5),  CBCT  projection 
images  were  acquired  on  a  phantom  placed  on  a  rotating  turnable.  This  benchtop  system 
allowed  IBA  to  evalute  the  X-ray  source  and  imaging  panel,  tweak  the  image  reconstruction 
software  and  optimize  the  image  quality.  The  integration  of  the  gantry  control  system  with  the 
new  imaging  software  was  successfully  tested  on  the  benchtop  system.  In  addition,  the 
benchtop  CBCT  system  was  able  to  achieve  phantom  CBCT  images  that  were  of  comparable 
quality  to  linac  based  CBCT  systems.  Penn  is  working  closely  with  IBA  to  use  these  benchtop 
CBCT  images  as  benchmarks  to  define  image  quality  metrics  in  the  acceptance  procedure  of 
the  first  gantry  CBCT  system  upon  installation. 


New  X-ray  tube 

\ 


New  Detector 


Tu  mtable 


Figure  5.  Benchtop  CBCT  system  used  to  evaluate  system  components,  integration  and 
development  of  image  reconstruction  software. 


As  the  CBCT  system  is  a  modification  of  existing  components  on  the  proton  therapy  imaging 
system,  two  major  hardware  changes  were  required.  The  first  is  the  replacement  of  the  X-ray 
tube  and  generator  from  one  that  could  handle  445W  to  a  more  powerful  tube  that  can  handle 
3200W.  The  other  change  is  the  replacment  of  the  flat  panel  imager  to  a  larger  unit  in  order  to 
increase  the  field  of  view  (FOV).  With  these  replacements  a  34  cm  (axial)  and  35  cm 
(longitudinal)  FOV  CBCT  system  is  expected.  Additional  increase  in  FOV  will  require  the  couch 
to  be  offset  laterally  and  is  planned  for  future  development  for  this  project. 


4.  Image  Reconstruction,  Scatter  Correction  and  Software  Development 
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The  FDK  method  [Feldkamp  1984]  for  CBCT  reconstruction  was  implemented  and  tested  on 
the  test  workbench.  This  algorithm  is  commonly  used  in  many  CBCT  systems  as  it  is  fast  and 
can  be  implemented  on  high  end  graphical  processor  units  using  CUDA  parallel  computing 
platform.  In  addition  a  simple  scatter  correction  technique  [Boellaard  1997]  based  on  a  model  to 
estimate  the  fraction  of  scatter  within  each  projection  image  was  implemented  with  satisfactory 
results.  Figure  6  shows  two  axial  slice  of  the  Catphan  image  resolution  phantom  used  to 
evaluate  image  resolution  and  CT  number  accuracy  from  he  benchtop  CBCT  system.  These 
images  serve  as  a  benchmark  for  image  quality  obtainable  on  the  gantry  mounted  CBCT 
system.  Other  advanced  image  scatter  correction  techniques  are  currently  being  evaluated  and 
tested  on  the  image  software  platform. 


Figure  6.  Benchtop  CBCT  images  of  a  phantom  used  to  evaluate  the  resolution  (left)  and 
Hounsfield  number  accuracy  (right).  These  images  are  used  to  evaluate  the  image 
reconstruction  software  and  serve  as  benchmarks  for  our  gantry  CBCT  system. 


5.  Novel  Clinical  Applications  of  CBCT  in  Proton  Therapy, 

One  important  potential  tool  for  the  quality  assurance  of  proton  beam  delivery  is  the  ability  to 
detect  variations  in  proton  beam  path  prior  to  treatment.  Proton  dose  distributions  are 
particularly  sensitive  to  patient  weight  loss,  tumor  shrinkage  and  setup  variations.  CBCT  from 
treatment  setup  may  be  used  to  estimate  proton  beam  path  through  the  conversion  of  CT 
Hounsfield  Units  (HUs)  to  proton  stopping  power.  However,  due  to  the  large  photon  scatter  in 
the  CBCT  geometry,  the  HU  values  from  a  CBCT  varies  slightly  from  diagnostic  quality 
simulation  CT,  thereby  introducing  additional  uncertainties  in  the  conversion  from  HUs  to  proton 
stopping  power.  We  tested  and  evaluated  the  Advanced  Normalization  Tools  (ANTS) 
deformable  image  registration  tool  to  map  simulation  CT  HUs  onto  a  treatment  CBCT  (Figure  7) 
for  range  verification  or  dose  re-calculation  during  proton  therapy  treatment.  The  intensity 
corrected  image  may  then  be  used  to  detect  any  local  change  in  water  equivalent  thickness 
(WET)  in  the  proton  beam  path. 
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Figure  7.  Correction  of  CBCT  image  intensity  using  the  ANTS  deformable  image 
registration  software.  The  planning  CT  was  deformed  onto  the  CBCT. 


Original  CBCT  Intensity  corrected  CBCT 

Figure  8.  Detection  of  proton  range  differences  between  CBCT  and  planning  CT 
images.  The  polar  plot  measures  the  water  equivalent  thickness  of  the  proton 
beam  path  from  the  patient  surface  to  image  center. 


n  Figure  8,  a  patient  with  anatomical  change  (deformation  in  nasal  cavity  highlighted  in  circle) 
shows  a  deviation  in  the  polar  WET  plot  at  15  degrees  between  the  planning  CT  (green)  and  the 
corrected  CBCT  (blue)  at  the  time  of  treatment.  Without  the  correction  of  the  image  intensity 
(red  curve),  the  systematic  error  between  the  intensity  levels  of  the  CBCT  and  planning  CT  is 
larger  than  the  WET  change  due  to  anatomical  variation.  Our  results  indicate  that  CBCT  is  a 
very  promising  tool  for  detecting  potential  dose  delivery  variations  due  to  anatomical  change  or 
setup  errors.  This  work  was  recently  accepted  as  an  oral  presentation  at  the  annual  2013  AAPM 
meeting. 


Further  development  work  is  needed  in  this  application  of  CBCT  and  we  hope  to  be  able  to 
integrate  this  feature  into  the  IBA  CBCT  system  that  the  University  of  Pennsylvania  is 
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developing  jointly  with  IBA.  During  the  last  quarte  of  201 3r,  the  team  at  the  University  of 
Pennsylvania  continued  work  on  the  development  of  proton  therapy  specific  applications  of  on¬ 
line  CBCT.  CBCT  has  the  potential  to  be  used  to  validate  and  identify  changes  in  patient 
anatomy  that  impacts  proton  dose  distribution.  Specifically,  the  algorithm  used  to  correct  the 
CBCT  Hounsfield  number  is  being  validated  so  that  CBCT  image  guidance  can  also  be  used  to 
evaluate  proton  dose  delivery  in  the  treatment  position.  This  validation  process  uses  daily  CBCT 
acquired  for  head  and  neck  photon  radiotherapy  on  the  linac  to  simulate  anatomical  change 
during  proton  therapy.  We  envision  clinical  applications  of  CBCT  to  extend  beyond  conventional 
verification  of  treatment  postion  as  is  currently  used  in  photon  beam  radiotherapy.  We  are 
presently  developing  tools  to  visualize  changes  in  proton  range  based  on  comparision  between 
the  plannning  CT  and  the  acquired  treatment  CBCT  so  that  therapists  can  alert  physicians  or 
physicists  that  treatment  is  not  optimal  and  replanning  may  be  required.  We  hope  that  this 
developmental  tools  will  be  integrated  into  the  IBA  CBCT  system  that  the  University  of 
Pennsylvania  is  developing  jointly  with  IBA. 


Development  of  the  Calypso  System  for  use  in  proton  therapy 


Body 

1.1  Installation  of  the  Calypso  System  in  Proton  Room  4 

The  Calypso  System  is  a  system  of  implantable  radio-transponders  that  can  be  used  for  patient 
localization  and  real-time  tumor  tracking.  A  Calypso  System  was  obtained  from  Calypso  Medical 
and  installed  in  Proton  Room  4  at  Roberts.  Calypso  Medical  has  since  been  acquired  and  the 
System  is  now  marketed  by  Varian  Medical  Systems. 

The  Calypso  System  was  designed  and  approved  by  the  FDA  for  clinical  use  during  photon 
radiotherapy  treatment.  The  installation  at  Roberts  represents  a  first  attempt  to  develop  the 
system  for  use  in  proton  therapy.  During  2010-201 1 ,  tests  were  performed  in  the  treatment 
room  with  proton  beams  to  validate  the  performance  of  the  system  in  the  proton  environment. 
See  Figures  1  and  2.  Some  failures  were  observed  and  subsequent  design  modifications  were 
performed  by  the  Calypso  Medical  engineering  team. 
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Figure  1.  Schematic  of  the  setup  for  Calypso  System  testing  in  Proton  Room  4  in 
Roberts.  The  Camera  Power  Supply  and  Ethernet  Switch  electronics  (“HUB”)  were 
moved  from  the  initial  position  in  the  room  back  into  the  maze  due  to  radiation 
susceptibility  as  part  of  the  solution  to  reduce  the  system  upset  rate. 
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Figure  2.  Test  setup  in  Proton  Room  4.  The  Calypso  Beacons  are  located  in  the 
cylindrical  test  phantom,  which  can  be  registered  into  holes  in  the  test  platen.  The  platen 
is  placed  on  top  of  a  16  cm  wood  box  to  move  the  Beacons  away  from  the  conductive 
table  top.  A  larger  wooden  platform  was  constructed  for  the  patient  localization  tests 
described  in  Section  1.3. 

Here  is  a  summary  of  the  conclusions  from  tests  performed  by  Calypso  Medical: 

•  All  localization  accuracy  tests  passed  their  predefined  acceptance  criteria.  The  Calypso 
System  accurately  localizes  LT  and  LO  patients  in  the  IBA  proton  therapy  vault  at  the 
University  of  Pennsylvania. 

•  The  carbon  fiber  table  top  will  need  to  be  replaced  with  a  non-conductive  version  for 
clinical  use  of  the  Calypso  System. 

•  System  Design  modifications  were  effective  in  reducing  the  upset  rate  from  an  estimated 
15  upsets  per  month  to  <=  1  upset  per  month.  The  upset  rate  objective  of  <=1  upset  per 
month  was  met.  See  Figure  3. 

•  The  hard  failure  of  the  console’s  power  supply  has  been  effectively  addressed  by  the 
power  FET  switch  replacement. 

•  Camera  Location  and  Mounting:  No  issues  were  identified  with  camera  location  or 
mounting  in  either  the  gantry  or  fixed-beam  rooms. 

•  Console  Placement  in  Fixed-Beam  Room:  No  issues  were  identified  with  console 
placement  in  the  fixed-beam  room. 

•  MLC  Susceptibility:  No  issues  with  MLC  susceptibility  to  the  Calypso  excitation  were 
identified  (lateral  beams) 
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•  Interference  from  Proton  Beam  Scanning  Magnets:  No  issues  with  scanning  magnet 
operation  interfering  with  Calypso  operation  were  identified. 

•  Interference  from  MLC:  MLC  can  be  operated  up  to  ~33  cm  from  isocenter  with 
acceptable  effect  on  Calypso  operation  (lateral  treatments).  Operation  closer  to 
isocenter  may  be  possible  with  additional  Calypso  development. 

•  Activation  of  Transponders:  No  issues  associated  with  activation  of  the  Calypso 
transponders  in  a  patient  were  identified. 

•  Carbon  Fiber  Table  Extension:  The  carbon  fiber  table  extension  for  the  Schaer  PPS  is 
not  compatible  with  the  Calypso  System. 

•  Calypso  System  Radiation  Tolerance  (Single  Event  Effects):  The  rate  of  single  event 
upsets  for  the  Calypso  System  operating  with  double  scattering  mode  was  unacceptably 
high.  These  upsets  can  result  in  both  temporary  disruption  of  Calypso  operation  during 
patient  treatment  (requiring  reboot)  and  can  result  in  hard  failure  of  Calypso  System. 

•  Calypso  Console  Placement  in  the  Gantry  Room:  Lateral  translation  of  the  patient  table 
during  initial  patient  setup  is  not  possible  with  the  current  production  Calypso  System,  as 
the  back  wheels  of  the  console  would  be  on  the  conveyor  belt,  while  the  front  wheels  are 
off  the  conveyor  belt. 
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Figure  3.  Example  of  a  Radiation  Susceptibility  test.  A  front-end  FPGA  in  the  Calypso 
console  was  reconfigured  to  detect  memory  errors  resulting  from  irradiation  of  the 
electronics  by  secondary  scatter  irradiation.  In  this  test  a  memory  error  was  detected 
after  about  6  minutes  of  beam  on.  The  FPGA  identified  the  error,  self-corrected,  and 
recovered,  although  the  recovery  took  1  minute. 

Here  is  a  summary  of  the  design  modifications  made  by  Calypso  Medical  for  operation  in  the 
proton  environment: 

•  The  standard  arm  has  been  replaced  with  the  extended  arm.  The  reason  for  this  is 
twofold: 


o  Places  electronics  further  away  from  the  proton  beam, 
o  Allows  the  console  to  be  placed  inferior  to  the  conveyor  belt  while  maintaining 
the  ability  for  the  array  to  cover  the  tracking  volume. 
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•  The  Advantech  Console  PC  has  been  replaced  with  a  passive  touch  panel  display 
mounted  on  the  mast  and  a  separate  single  board  computer  equipped  with  ECC  RAM. 
The  single  board  computer  has  been  placed  in  the  console  chassis,  further  from  the 
radiation  source.  The  cable  assembly  routed  through  the  arm  was  modified  to  provide  all 
signals  required  by  the  single  board  computer.  Power  for  the  passive  touch  panel  display 
and  the  console  PC  was  derived  from  the  power  supply  assembly  in  the  console 
chassis. 

•  The  ST  Microelectronics  power  MOS  FET’s  in  the  power  supply  have  been  replaced  with 
Fairchild  parts 

•  The  Ethernet  switch  located  in  the  power  supply  assembly  has  been  replaced  with  the 
‘Y’  adaptor  scheme. 

•  System  software  has  been  modified  to  allow  continued  tracking  upon  a  loss  of 
communication  with  the  console  PC. 

•  The  OEM  camera  power  supply  and  Ethernet  switch  has  been  installed  in  the  vault 
maze,  distant  from  the  radiation  source  (see  Figure  1 ). 

•  Field  Programmable  Gate  Arrays  (FPGAs)  capable  of  configuration  corruption  detection 
and  fast  reconfiguration  have  been  designed  in  to  the  console  electronics. 

•  The  treatment  rooms  at  University  of  Pennsylvania  are  equipped  with  the  6  degree-of- 
freedom  Schaer  patient  positioning  system.  This  table  incorporates  a  carbon-fiber  insert 
(couch  top)  manufactured  by  Q-Fix.  The  Calypso  System  is  not  compatible  with  carbon- 
fiber  inserts  due  to  their  electrical  conductivity.  Development  of  a  Calypso-compatible 
couchtop  for  the  Penn  proton  treatment  rooms  using  Q-Fix  technology  is  being 
discussed  with  Q-Fix. 

1.2  Investigation  of  dose  perturbations  by  the  Calypso  Beacon  electromagnetic 
transponders 

Though  they  are  small,  fiducial  markers  and  transponders  contain  materials  that  are  denser  and 
have  higher  atomic  number  than  patient  tissues,  and  the  result  is  a  shadow  region  downstream 
of  the  transponder  where  the  actual  delivered  dose  is  lower  than  what  it  would  be  were  the 
implant  not  present.  Dose  shadows  in  excess  of  20%  have  been  demonstrated  downstream  of 
gold  markers  in  megavoltage  photon  beams  (Chow  et  al  2005, Chow  et  al  2006}.  Perturbations 
of  similar  magnitude  were  observed  in  the  vicinity  of  nickel-titanium  urethra  stents  (Gez  et  al 
1997).  Carbon  fiber  markers  are  lower-Z  and  were  found  to  perturb  photon  dose  by  only  about  a 
percent  (Vassiliev_2012).  In  the  case  of  proton  therapy,  studies  have  explored  the  dose 
perturbations  from  gold,  titanium,  and  stainless  steel  fiducials,  of  various  sizes  and  differing 
placement  and  orientation  with  respect  to  the  proton  beam  (Newhauser  et  al  2007b,  Matsuura  et 
al  202)}.  Another  study  examined  the  dose  shadow  produced  by  tantalum  markers  used  in  the 
treatment  of  uveal  melanoma  (Newhauser  et  al  2007c).  Effects  on  dose  were  investigated  for 
helical  gold  markers  (Giebeler  et  al  2009),  for  novel  fiducials  composed  of  microscopic  gold 
particles  embedded  in  polymer  (Lim  et  al  2009),  and  for  a  nickel-titanium  stent  (Herrmann  et  al 
2010).  Lower-Z  alternatives  such  as  carbon-coated  ceramics,  stainless  steel,  tungsten, 
platinum,  and  a  polymer  tube  can  have  lower  dose  perturbations,  but  must  be  balanced  against 
radiographic  visibility  (Cheung  et  al  2010,  Huang  et  al  201 1 ). 

Electromagnetic  transponders  have  dimensions  similar  to  some  of  the  implanted  fiducials,  and 
their  constituent  materials  include  soft  ferrite,  copper,  and  ceramics.  The  geometric 
arrangement  of  the  materials  is  unique  and  may  perturb  dose  differently  than  fiducials.  The 
purpose  of  this  study  is  to  investigate  the  magnitude  of  the  dose  perturbations  caused  by  the 
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presence  of  implanted  electromagnetic  transponders  as  part  of  an  assessment  of  the  feasibility 
of  using  electromagnetic  transponders  for  proton  therapy.  The  approach  taken  was  to  develop 
an  accurate  Monte  Carlo  model  of  the  Calypso  Beacon  electromagnetic  transponders,  to 
validate  the  Monte  Carlo  simulations  using  measurements  from  some  selected  proton  irradiation 
cases,  and  then  to  use  the  simulations  to  explore  the  effect  of  the  transponders  at  different 
positions  and  orientations  with  respect  to  the  proton  beam. 

Our  investigations  resulted  in  a  publication  in  Physics  in  Medicine  and  Biology  (Dolney  et  al 
2013).  That  paper  is  included  below  in  the  appendix  materials.  The  follow  description  of  that 
work  includes  additional  details  not  included  in  the  paper  in  the  interest  of  brevity. 

A  model  of  the  Calypso  transponder  was  implemented  in  Geant4  for  Monte  Carlo  simulations. 

In  Figure  4  is  shown  a  photograph  of  a  Calypso  transponder.  The  transponder  is  an 
electromagnetic  resonator:  there  is  a  wire  coil  wound  around  a  soft  ferrite  core  and  connected  to 
a  capacitor.  This  resonator  assembly  is  potted  inside  a  glass  vial  with  silicone  adhesive  and 
sealed  with  a  laser.  Calypso  Medical  provide  detailed  specifications  regarding  the  dimensions 
and  mass  of  each  of  the  elements  of  the  transponder.  Unfortunately  some  of  the  materials  were 
not  completely  specified  because  they  are  either  not  fully  known  or  their  compositions  are  IP. 

For  example,  the  glass  used  for  the  vial  is  a  patented  formulation  manufactured  by  the  Schott 
Corporation  known  as  Schott  Glass  8625.  It  is  a  biocompatible  soda-lime  glass  to  which  iron 
has  been  added.  The  iron  makes  the  glass  absorb  infrared  so  that  it  can  be  sealed  with  a  laser. 
The  fraction  of  iron  in  this  glass  could  not  be  found  in  the  literature. 

Figure  4.  Photograph  of  a  Calypso  Transponder  (left)  and  a  wire-frame  rendering  of 
the  Transponder  as  implemented  in  Geant4  simulation.  The  total  length  is  8.5  mm. 

Because  of  the  uncertainties  involved,  we  validated  our  Monte  Carlo  simulations  using  data 
collected  with  sheets  of  Gafchromic  EBT2  film  placed  at  various  depths  downstream  of 
transponders  mounted  in  a  stack  of  solid  water  slabs.  Our  machine  shop  fabricated  a  holder  for 
three  transponders  from  acrylic.  The  holder  is  shown  in  Figure  5.  The  three  seeds  are  held  in 
different  orientations  with  respect  to  the  beam:  parallel,  perpendicular,  and  45  degree  angle. 

The  acrylic  holder  fits  into  a  slab  of  solid  water  that  had  been  previously  milled  out  for  a 
Capintec  PS-033  chamber.  We  irradiated  the  solid  water  phantom  with  a  uniform,  double- 
scattered,  R22M10,  13x13  square  field.  We  scanned  the  films  with  an  Epson  10000XL  flat-bed 
scanner  and  applied  our  calibration  curve  for  EBT2  OD-to-dose  (see  Figure  6).  Using  the 
OmniPro-lmRT  software,  we  extracted  the  dose  downstream  of  the  Calypso  seeds  at  the 
various  depths  and  also  in  unperturbed  regions  of  the  film  (see  Figure  7).  In  this  way  we 
measure  the  dose  perturbation  downstream  of  Calypso  transponders.  We  compared  our 
measurements  with  simulation. 
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Figure  5.  Holder  constructed  for  Calypso  seed.  The  holder  is  acrylic  and  fits  inside 
the  piece  of  solid  water  (yellow).  Three  seeds  are  fit  into  holder  in  different 
orientations. 
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Figure  6.  Post-irradiation  Gafchromic  EBT2  films  that  were  downstream  of  the 
Calypso  transponders.  The  acrylic  has  a  larger  proton  stopping  power  than  the 


surrounding  solid  water,  so  that  the  shape  of  the  acrylic  holder  can  be  seen  in  the 
deeper  pieces  of  film  (bottom  row).  Small  dose  shadows  behind  the  transponders 
can  also  be  identified,  though  in  the  picture  they  are  difficult  to  see  in  most  of  the 
film  pieces. 
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□  R22M10-F1 1 3  -  OmniPro  I'mRT 
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Figure  7.  Film  analysis  using  the  OmniPro-lmRT  software.  The  film  was  scanned 
with  an  Epson  10000XL  flat-bed  scanner.  The  image  in  the  left  pane  is  the  film 


optical  density  converted  to  dose  via  our  calibration  curve  for  protons.  The 
rectangle  in  the  film  is  the  shadow  from  the  acrylic  holder.  Three  dose  shadows 
(yellow)  from  the  Calypso  seeds  can  be  seen  in  the  rectangle.  We  measure  dose 
levels  within  these  shadows  relative  to  the  surrounding  medium. 


The  simulations  use  the  IBA  Universal  Nozzle  and  MLC  code  implemented  previously  for  Phase 
I  studies  by  Chris  Ainsley  coupled  with  the  voxelized  phantom  classed  for  scoring  dose  in  3D 
grids  implemented  by  Derek  Dolney  for  Phase  II.  For  Phase  II  the  voxelized  phantoms  were 
constructed  from  patient  CT  datasets.  That  code  was  modified  slightly  for  this  project  to 
generate  a  phantom  of  uniform  solid  water,  with  the  material  specified  by  the  vendor  (Gammex). 
The  voxelized  phantom  classes  derive  from  G4PhantomParameterisation.  It  was  previously  not 
possible  to  place  daughter  geometries  inside  a  G4PhantomParameterisation  geometry.  That  is, 
Calypso  seeds  could  not  be  placed  inside  a  voxelized  phantom.  Given  this  limitation,  the 
simulation  geometry  implemented  for  this  work  consisted  of  Calypso  transponders  inside  a  solid 
phantom  of  solid  water  material,  with  a  voxelized  cube  of  solid  water  placed  downstream  of  the 
seeds  only.  This  is  acceptable  for  this  phase  of  research,  since  we  are  comparing  dose 
shadows  from  simulation  with  measurements  taken  in  a  solid  water  phantom.  However,  it  would 
be  useful  to  be  able  to  calculate  the  effect  on  the  dose  distribution  in  real  patients  that  have  had 
Calypso  transponders  implanted.  The  simulation  code  at  UPenn  is  well-developed  at  this  point, 
and  it  would  be  a  reasonable  extension  requiring  a  modest  effort  to  implement  this  capability, 
assuming  the  new  mechanism  in  Geant  4.9.5  performs  as  promised.  That  implementation  could 
even  be  validated  using  the  already  collected  solid-water  phantom  data  just  described.  We  can 
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consider  validation  measurements  in  a  heterogeneous  phantom  beyond  the  scope  of  this 
Calypso  phase,  though  that  should  be  done  to  establish  the  validity  of  the  patient  simulation 
code,  and  we  are  discussing  how  best  to  approach  that. 

Most  of  the  mass  of  a  transponder  comes  from  the  coil.  The  coil  is  comprised  of  thin  copper  wire 
wound  around  a  soft  ferrite  core.  We  initially  attempted  to  implement  a  much-simplified  version 
of  the  geometry  as  an  iron  cylinder  placed  within  a  larger  copper  cylinder,  with  the  dimensions 
of  each  matching  the  vendor  specifications.  As  shown  in  Figure  8,  this  implementation  gave 
poor  agreement  (not  better  than  20%)  with  the  film  measurements  and  we  were  forced  to  refine 
the  implementation. 
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Figure  8.  Proton  dose  shadow  downstream  of  Calypso  seeds:  comparison 
between  data  measured  with  Gafchromic  EBT2  film  (points  with  errors)  and 
Geant4  Monte  Carlo  simulations  (lines)  using  a  simplified  implementation  of  the 
Calypso  seed  geometry  comprised  of  an  iron  cylinder  representing  the  ferrite  core 
surrounded  by  a  copper  cylinder  representing  the  coil.  Agreement  is  not  better 
than  20%  using  this  geometry. 


We  completed  a  more  thorough  implementation  of  the  Calypso  transponder  geometry  in 
Geant4.  We  have  included  every  detail  of  the  Calypso  transponders  save  for  the  silver- 
palladium  connections  on  the  capacitors  and  the  thin  (25  urn)  parylene  coating  that  covers  the 
resonator  assembly.  Some  other  assumptions  and  simplifications  were  necessary.  We  chose  to 
use  Pyrex  with  5%  Fe203.  The  density  is  specified  to  be  2.52  g/cm3.  Given  the  dimensions  of 
the  glass  vial,  the  shape  of  the  vial  endcaps  were  adjusted  to  achieve  the  total  vial  mass 
specified  by  Calypso.  A  coil  of  wire  would  be  very  difficult  to  implement  in  Geant4.  The  coil  was 
implemented  as  a  cylinder.  The  density  of  the  coil  itself  is  6.15  g/cc,  which  is  quite  a  bit  less 
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than  pure  copper  which  is  8.96  g/cc.  The  wire  used  for  the  winding  has  a  thin  polyurethane 
insulation  layer  that  is  further  covered  by  a  polyvinylbutyral  bond  layer.  Calypso  says  the  copper 
is  39  um  diameter  and  the  total  wire  is  45  um,  but  this  does  not  specify.  There  is  a  NEMA  spec, 
MW  131,  with  these  dimensions.  One  product  meeting  NEMA  MW  131  is  Butylbond  AB15. 
These  products  appear  to  have  equal  thickness  insulation  and  bond  layers.  Therefore  we  use 
1 .5  um  thick  insulation  and  1 .5  um  bond  layer.  We  have  to  use  a  generic  molecular  formula  for 
polyurethane.  There  must  also  be  some  air  between  the  wires  in  the  winding,  and  so  the  copper 
core,  insulation,  and  bond  layer  physical  dimensions  were  used  to  fix  the  relative  amounts  of 
those  elements,  and  derived  that  the  coil  must  be  about  12%  air  by  volume,  which  is  about 
equal  to  the  volume  of  either  the  insulation  or  bond  layer.  This  volume  fraction  is  down-weighted 
by  about  10'3  from  the  density  of  air,  and  can  basically  be  ignored.  The  soft  ferrite  core  is 
specified  as  Ferroxcube  3C91 .  Soft  ferrites  are  iron  oxides  with  some  manganese  and  zinc 
added.  The  exact  amount  of  these  elements  is  probably  secret.  We  assume  a  1:1  Mn:Zn  ratio. 
For  the  capacitors  we  assume  the  material  is  uniform  titanium  dioxide  and  do  not  include  the 
silver-palladium  terminals.  There  is  some  silicone  adhesive  in  the  glass  vial  to  fix  the  resonator 
assembly.  We  fill  the  vial  about  halfway  with  polydimethylsiloxane,  adjusting  the  amount  to 
make  the  total  mass  of  the  transponder  agree  with  measurement.  We  summarize  these  material 
choices  in  Table  1,  and  compare  the  mass  of  the  components  as  implemented  in  our  simulation 
with  their  actual  physical  masses  in  Table  2.  In  spite  of  our  assumptions  about  the  materials  and 
some  dimensions,  the  agreement  with  the  measured  data  is  much  better,  as  shown  in  Figure  9. 
Agreement  between  the  film  and  simulations  is  to  within  3%.  A  large  part  of  this  error  is  probably 
systematic,  as  this  is  about  the  level  of  agreement  between  the  measured  and  simulated  SOBP, 
as  can  be  seen  from  Figure  9.  This  could  be  improved  by  fitting  per-room  BCMs. 


Table  1.  Composition  specification  of  the  Calypso  transponder  and  the  materials 
used  in  the  Geant4  implementation  of  the  transponder  geometry.  Percentages  are 
mass  relative. 


Core 

Coil 


Capacitors 

Adhesive 

Vial 


Vendor  Specified  Material 
Ferroxcube  3C91 
Cu 

+  polyurethane 
+  polyvinylbutyral 
Novacap  NPO 
Silicone 

Schott  Glass  8625 


Simulation  Material _ 

MnZnFe408 
96%  Cu 

+  2%  C17O4H16N2 

+  2%  G4_POLYVINYL_BUTYRAL 
Ti02 

Polydimethylsiloxane 

95%  G4_Pyrex_Glass  +  5%  Fe203 


Table  2.  Account  of  the  mass  of  a  Calypso  transponder.  The  actual  mass  of  the 
transponder  parts  is  compared  with  the  mass  of  the  geometry  elements  as 
implemented  in  Geant4. _ 


Actual  Mass  (mg) 

Simulation  Mass  (mg) 

Core 

2.9 

2.9 

Coil 

36.0 

36.0 

Capacitors 

1.3x2 

1.1  x  2 

Adhesive 

not  specified 

0.8 

Vial 

20.0 

20.0 

TOTAL 

61.8 

61.8 
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Figure  9.  Proton  dose  shadow  downstream  of  Calypso  seeds:  comparison 
between  data  measured  with  Gafchromic  EBT2  film  (points  with  errors)  and 
Geant4  Monte  Carlo  simulations  (lines)  using  a  thorough  implementation  of  the 
Calypso  seed  geometry  including  all  elements  in  Table  4-1.  The  double  lines  for 
the  simulation  curves  are  meant  to  indicate  the  error  bars,  the  upper  line  being  the 
mean  plus  1  and  the  lower  the  mean  minus  1  .  Agreement  is  within  3%. 

We  also  measured  data  for  Calypso  seeds  at  13  cm  depth  using  the  same  R22M10  field.  The 
simulations  of  that  scenario  also  agree  well  with  the  measurements  (see  paper).  A  challenge  for 
this  phase  of  the  project  was  the  number  of  protons  that  must  be  simulated  to  get  accurate 
doses  in  the  small  voxels  downstream  of  the  transponders.  The  transponders  diameter  is  only 
1.8  mm.  We  are  using  1/3  mm  voxels  transverse  to  get  good  spatial  resolution,  comparable  to 
the  film  digitization  resolution  (75  dpi).  We  generated  2  x  1010  primary  protons  to  produce  Figure 
9.  We  used  64  cpus  and  the  entire  simulation  still  took  3  weeks. 

The  long  computation  time  for  the  Calypso  transponder  simulations  was  reduced  by 
implementing  the  capability  to  store  the  proton  beam  phase-space  to  a  file.  To  solve  this 
problem,  Derek  made  use  of  open-source  code  from  two  sources:  the  International  Atomic 
Energy  Agency  (IAEA)  phsp  read/write  routines  available  from  http://www- 
nds.iaea.orq/phsp/phsp.htmlx  ,  and  the  Geant4  interface  to  use  these  routines 
G4IAEAphsplnterface_v1 .1  available  from  http://www-nds.iaea.org/phsp/Geant4/.  A  few  bugs 
were  found  and  fixed  in  both  codes.  Commands  were  added  to  our  macro  file  interface  for 
double-scattering  simulations  to  allow  the  phase-space  to  be  saved  during  a  simulation,  and  to 
allow  a  simulation  to  use  a  previously  stored  phase-space  file.  In  addition,  the  IAEA  phsp 
routines  support  so-called  phase-space  “recycling”,  meaning  the  particles  in  the  phase  space 
file  are  generated  and  tracked  more  than  once.  This  can  reduce  the  statistical  noise  to  an 
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extent,  to  the  limit  that  is  called  the  latent  variance  of  the  phase  space  file.  It  was  found  that  a 
recycling  value  of  2,  meaning  each  particle  in  the  phase  space  file  is  generated  three  times, 
gives  a  good  balance  between  statistical  noise  and  simulation  time.  More  particle  recycling  does 
not  lower  the  noise  much.  More  primaries  would  have  to  be  generated  during  the  first  phase- 
space  generation  step  to  achieve  higher  statistics.  Without  using  a  phase-space  file,  the 
Calypso  simulations  took  3  weeks  using  64  cpus  for  each  depth  to  have  reasonably  low 
statistical  noise,  given  the  small  voxels  in  which  we  are  scoring  dose  behind  the  Calypso 
implants.  Now,  by  storing  the  phase-space  to  a  file,  an  initial  run  of  about  a  week  (using  64 
cpus)  is  required  to  generate  the  phase  space  upstream  of  the  water  phantom  containing  the 
Calypso  seeds,  but  then  this  phase  space  can  be  used  for  any  Calypso  depth,  with  each  depth 
requiring  only  4  days  (on  64  cpus)  simulation  time. 

The  dose  was  measured  with  film  downstream  of  Calypso  seeds  placed  at  depths  12  cm  and  21 
cm  in  solid  water  in  an  R22M10  spread-out  Bragg  peak  (SOBP).  The  21  cm  data  was  compared 
with  simulation  results  in  the  last  report.  The  12  cm  simulations  have  finished  and  that 
comparison  is  presented  in  Figure  10.  Like  the  21  cm  case,  the  agreement  between 
measurement  and  simulation  at  12  cm  is  also  very  good. 


Depth,  cm 

Figure  10.  Comparison  of  dose  shadow  downstream  of  Calypso  transponders  in  a  proton 
SOBP  measured  with  film  (error  bars)  with  Monte  Carlo  simulation  (lines).  The  Calypso 
transponders  were  irradiated  and  simulated  in  three  different  orientations  at  12  cm  depth 
in  solid  water. 

Monte  Carlo  simulations  of  Calypso  transponders  were  completed  for  other  depths  in  the 
R22M10  SOBP:  12,  13,  14,  15,  16,  17,  18,  19,  20,  and  20.5  cm  physical  depths.  These  are 
presented  here  for  completeness. 
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From  these  data,  we  extracted  the  maximum  dose  shadow  for  three  different  transponder 
orientations.  That  data  is  presented  in  Figure  1 1 . 


Distance  from  PTV  Boundary,  cm 

Figure  11.  Maximum  dose  shadow  downstream  of  Calypso  transponders  at  different 
depths  in  a  proton  SOBP  and  in  different  orientations  with  respect  to  the  beam.  Typical 
dose  shadow  levels  are  less  than  10%,  arising  because  of  increased  lateral  scatter  in  the 
high-Z  metals  inside  the  transponder.  However,  the  dose  deficit  can  be  large  when  seeds 
are  positioned  near  the  distal  falloff,  in  which  case  protons  actually  stop  in  the 
transponder. 

Besides  the  published  paper,  a  poster  version  was  presented  at  the  American  Radium  Society 
Annual  Meeting  (2012). 

1.3  Testing  the  Calypso  System  for  patient  localization 

We  have  begun  testing  of  the  Calypso  system  using  patients  previously  implanted  with  Calypso 
Beacons  and  treated  with  photons  at  Penn.  A  platform  was  constructed  of  non-conductive 
material  (wood)  to  permit  testing  using  the  existing  couch  tops  before  a  non-conductive 
couchtop  is  purchased  from  a  vendo.  It  was  determined  that  6”  of  wood  is  necessary  to 
sufficiently  separate  the  Calypso  Beacons  from  the  proton  couchtop  to  allow  the  system  to 
localize  the  Beacons. 

There  are  16  patients  enrolled  in  a  prostate  research  protocol  making  use  of  endorectal  ballons 
and  using  Calypso  for  localization  and  real-time  monitoring.  Some  of  these  patients  have  been 
solicited  to  participate  in  a  localization  study  in  Proton  Room  4  to  compare  Calypso  localization 
accuracy  versus  the  orthogonal  kV  localization  that  is  standard  for  prostate  treatments  at 
Roberts.  So  far  one  patient  agreed  to  participate  in  the  study.  The  patient  was  setup  in  P4  with 
rectal  balloon  and  first  localized  using  Calypso.  It  was  found  to  be  difficult  to  localize  the  patient 
with  Calypso  to  better  than  4  mm  because  of  the  way  the  IBA  couch  jogs.  To  improve  this,  we 
will  use  the  couch  “goto  position”  shifting  for  future  patients.  Next  orthogonal  kV  imaging  was 
performed  as  usual,  with  shift  coordinates  obtained  from  the  imaging  system  and  applied  to  the 
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couch.  After  the  shift,  the  patient  position  was  re-measured  with  Calypso  to  see  the  differences. 
The  measurements  are  summarized  in  the  following  table. 


Stage  of  localization 

Vertical  (cm) 

Lateral  (cm) 

Longitudinal  (cm) 

First  with  Calypso 

We  could  not  achieve 
0,0,0 

-0.20 

0.05 

-0.40 

The  imaging  results 
(shift  that  was 
applied) 

0.407 

-0.222 

0.414 

Calypso  after  the 
patient  was  adjusted 
Based  on  imaging 

0.25 

-0.20 

0.000 

Calypso  and  imaging  agree  for  the  longitudinal  coordinate  system.  For  the  vertical  and  lateral 
directions,  Calypso  and  imaging  agree  to  within  2  mm.  One  source  of  error  can  arise  from 
transponder  migration  after  CT  simulation,  however  the  therapist  performing  the  orthogonal  kV 
matching  for  this  patient  felt  that  the  Beacon  positions  aligned  well  with  the  positions  from  the 
patient  CT  dataset.  It  is  likely  that  the  Calypso  system  needs  to  be  recalibrated  to  bring  its  origin 
into  agreement  with  the  imaging  system  origin.  The  Calypso  may  have  been  commissioned  to 
the  room  lasers,  which  are  only  rough  guides.  We  will  gain  a  better  understanding  as  more 
patients  are  imaged.  Any  systematic  error  between  the  Calypso  and  imaging  systems  can  be 
corrected  by  re-adjustment  of  the  Calypso  origin.  Drift  of  the  Calypso  origin  is  monitored  by  daily 
Quality  Assurance.  Of  interest  for  this  study  is  the  random  error  realized  when  localizing 
patients  (of  different  sizes,  implant  locations,  etc)  with  Calypso,  since  represents  the  System 
limitation  to  the  localization  accuracy. 

This  study  is  on-going  and  currently  awaiting  the  agreement  of  patients  to  the  additional  imaging 
and  localization  study. 


Radiobioloav 


INTRODUCTION 

The  goals  of  this  project  were  the  following: 

1 .  Identify  and  develop  appropriate  model  systems  for  preclinical  testing  proton  RBE  in  the  Penn 
proton  beam  facility. 

2.  Test  and  implement  cell  lines  and  methods  as  defined  above  with  standard  photon  radiation. 

3.  Measure  RBE  for  protons  using  the  Penn  proton  beam  facility  and  the  dependence  of  this 
RBE  on  physical  beam  properties  and  biological  cell  properties. 
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BODY 

Tasks  1  and  2: 


These  studies  were  designed  to  develop  and  test  proton-compatible  methods  of  determining 
cellular  radiosensitivity  using  human  cell  based  model  systems  that  were  defined  in  year  1.  In 
the  first  quarter,  the  head  and  neck  cancer  cell  lines  SQ20b  and  FaDu  and  the  immortalized 
human  oral  fibroblasts  (MSK-LEUK1)  have  been  cultured  and  the  clonogenic  (plating  efficiency) 
was  determined  using  standard  initial  plating  (Table  1). 


Table  1:  Plating  Efficiency  (without  irradiation) 

SQ20b 

0.65 

FaDu 

0.55 

MSK-LEUK1 

0.33 

Using  these  plating  efficiencies  and  60cm  dishes  in  a  horizontal  137Cs  irradiation  (Figure  1),  the 
clonogenic  survival  of  these  cell  lines  was  determined  (Figure  2).  Note  that  the  initial  plating 
efficiencies  have  been  normalized  to  a  surviving  <\{ 
fraction  of  1  to  allow  a  comparison  of  the 
relative  radiation  sensitivities  of  each  cell  line.  C 
The  range  of  radiosensitivity  accounts  for  a  ■§ 
dose  modification  at  10%  survival  of  y 
approximately  1 .7  between  the  most  and  least  £ 
radiosensitive  cell  lines. 
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Figure  1 :  imduaon  setup  lor  Mel  expertmenls  Fl"ure  *  ck,"°‘lsnk:  «**“  «  Head  and  eeoK  cell  me. 

However,  these  techniques  are  not  compatible  with  the  fixed  horizontal  beam  that  will  be  used 
in  proton  irradiation.  We  have  therefore  begun  to  test  whether  using  alternative  techniques 
significantly  alters  the  radiation  response  of  these  cell  lines.  We  have  employed  2  alternative 
methods  for  this  analysis.  The  first  is  using  tissue  culture  flasks  with  adherent  cells  filled  with 
medium  during  radiation.  As  depicted  in  Fig  3,  a  turntable  that  rotates  at  approximately  4-5  rpm 
is  used  to  provide  a  relatively  homogenous  dose  for  all  flasks.  .  We  also  used  a  modification  of 
this  technique  in  which  cells  are  trypsinized  and  irradiated  as  non-adherent  cells  in  a  sterile 
glass  flask  equipped  with  a  magnetic  stirring  piece  (Fig  4) 


Figure  3:  Horizontal  irradiation  set-up 


L37Cs  sources 


Figure  4:  Cell  suspension  irradiation  set-up 


Using  these  set-ups,  the  radiosensitivity  of  wild-type  fibroblast  cells  was  analyzed.  The  results 
of  these  experiments  suggest  that  the  horizontal  and  vertical  methods  give  similar  results,  but 
that  there  is  a  problem  with  the  cell  suspension  method,  especially  at  higher  radiation  doses 
(Fig  5). 


Vertical  D„  ■  5.7 
Horizontal  D.  -  5.9 
Suspension  D.  ■  8.9 


Figure  3:  Irradiation  of  fibroblasts  with  different  set-ups 


Note  that  the  difference  in  the  radiation  dose  needed  to  achieve  10%  survival  (D10)  calculated 
from  the  linear-quadratic  approximation  of  the  survival  curves  is  close  to  unity  for  the  horizontal 
versus  vertical  methods.  This  suggests  that  these  two  methods  are  sufficiently  robust  to  allow 
RBE  comparisons  for  normal  fibroblasts.  However,  when  we  compared  the  radiosensitivity  of 
human  A549  and  SQ20b  cancer  cell  lines  using  horizontal  or  vertical  set-ups,  we  found 
conflicting  results.  For  the  A549  cell  line,  the  methods  showed  good  agreement,  but  the 
standard  deviations  on  the  flask  (horizontal)  method  were  significantly  larger  than  the  dish 
(vertical)  method  (Fig  6a).  For  the  SQ20b  cells,  the  vertical  method  showed  a  similar  increase 
in  standard  deviation,  but  also  demonstrated  a  markedly  different  radiosensitivity  profile  (Fig 


Figure  6:  Horizontal  vs  Vertical  Irradiation  of  A549fa)  and  SW20b(b)  cells 


6b). 

To  minimize  need  for  beam  time,  we  have  designed  and  constructed  a  multi-dish  irradiator  box 
that  will  allow  us  to  measure  clonogenic  survival  at  multiple  points  within  the  Bragg  Peak  (Fig  7). 
Note  that  this  design  allows  simultaneous  determination  in  triplicate  samples  for  clonogenic 
survival  at  4  points  within  a  SOBP. 


Figure  l\  Top  ft)  and  M  (l)  Hm  afmiftflmi  nuiliHwal  Tiradadoti  chambtr 

We  have  tested  the  variability  of  the  vertical  irradiation  set-up  using  137Cs  irradiator  by 
performing  separate,  quadruplicate  clonogenic  survival  experiments  (with  each  data  point 
representing  the  mean  of  triplicate  measures  of  clonogenic  survival  within  each  experiment). 
These  experiments  reveal  that  the  inter-experimental  variability  of  radiosensitivity  profile 
measured  is  less  than  the  variability  in  intrinsic  radiosensitivity  for  our  3  chosen  head  and  neck 
cancer  cell  lines  (Fig  8). 
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Figure  8:  Replica:e  Vertical  Irradiation  using  n'Cs 
Task  3: 

Using  the  models  and  techniques  developed  in  Tasks  1-2,  we  investigated  the  implications  of 
the  differential  physical  LET  spectra  along  a  SOBP  and  the  radiosensitivity  of  cancer  cells.  (Fig 

91 _ 


lower  intermediate  higher j  RBE 


Depth  - ► 

Figure  9:  Cells  were  positioned  at  the  2  cm  and  8  cm  water  equivalent  thickness  in  a  10.5  cm 

range,  5  cm  modulated  SOBP. _ 

We  found  that  that,  contrary  to  our  previously  stated  hypothesis,  these  highly  radioresistant  cells 
do  not  display  a  dramatic  difference  in  radiosensitivity  for  the  plateau  vs  mid-SOBP  portions  of 
the  proton  depth  dose  distribution  (Fig  10). 
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Figure  10:  Radiosensitivity  of  FaDu  and  MSK-1  cells  in  high  and  intermediate  LET  proton 
regions.  Clonogenic  survival  experiments  were  performed  as  described  in  methods  and  results 
are  presented  as  mean  +-  sd  for  experiments  performed  with  a  minimum  of  6  replicate  plates 

per  condition  irradiated  on  the  same  day. _ 

The  radiosensitivity  of  SQ20b  cells  is  primarily  driven  by  over-activation  of  the  EGFR-Ras-AKt 
signaling  pathway.  To  determine  whether  inhibition  of  EGFR  signaling  would  provide  differential 
radiosensitization  in  different  parts  of  the  SOBP  distribution,  cells  were  pre-treated  for  1h  prior  to 
irradiation  with  the  EGFR  inhibitor  erlotinib  or  vehicle  (control)  and  irradiated  using  a  double 
scattered  proton  beam  and  a  10.5  cm  range,  5  cm  modulated  SOBP  (Fig  9).  These  positions 
were  chosen  to  measure  the  RBE  in  the  pleateu  and  mid-SOPB  portions  of  the  dose  distribution 
and  the  particle  fluence  was  adjusted  for  each  to  give  final  doses  of  2,  4  or  8  Gy  (note  that  this 
is  measured  in  J/kg  of  protons  or  photons,  not  CGE)  for  each  depth.  The  percentage  of 
surviving  cells  was  calculated  by  normalizing  the  percentage  of  cells  forming  colonies  at  a 
particular  radiation  dose  relative  to  the  percentage  of  cells  forming  colonies  without  irradiation. 
A  linear-quadratic  approximation  of  cell  survival  is  presented  for  comparison  of  SQ20bcells  with 
or  without  Erlotinib  from  previous  experiments.  We  found  a  significant  differential  in  the 
radiosensitization  between  low  (D2)  and  high  (D8)  LET  protons  (Fig  11).  These  data  suggest 
that  there  may  the  contributions  of  EGFR  radioresistance  pathway  signaling  to  cellular 
radiosensitivity  may  be  greater  for  higher  LET  radiation.  Conversely,  these  experiments 
suggest  caution  should  be  advised  when  combining  radiosensitizing  chemotherapy/targeted 
therapy  with  proton  radiation  in  patients. 
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Figure  1 1 :  Radiosensitivity  of  SQ20b  cells  with  or  without  the  EGFR  inhibitor  Erlotinib  in  high 
and  low  LET  proton  or  photons.  Clonogenic  survival  experiments  were  performed  as  described 
in  methods  and  results  are  presented  as  mean  +-  sd  for  experiments  performed  with  a  minimum 
of  6  replicate  plates  per  condition  irradiated  on  the  same  day. 


Positron  Emission  Tomography  (PET}  of  proton  beams  to  verify  dose  deposition 
INTRODUCTION 

The  goals  of  this  project  were  the  following: 

1 .  PET  Detector  Development:  Design  a  PET  scanner  optimized  for  the  application  of  verifying 
the  dose  distribution  deposited  by  proton  therapy  beams.  This  includes  detector  selection, 
electronic  and  mechanical  engineering,  data  acquisition,  and  reconstruction  software. 

2.  Cross-section  measurements:  Measure  positron-emitting  isotope  production  from  the  primary 
elements  found  in  tissue  and  compare  to  the  GEANT4  Monte  Carlo  simulation  program. 

3.  Determination  of  elemental  composition:  The  verification  of  the  dose  distribution  cannot  be 
done  directly  because  the  production  of  isotopes  is  not  easily  related  to  the  dose  deposited. 
Instead  a  Monte  Carlo  simulation  program  is  used  to  calculate  both  dose  deposited  and 
isotopes  produced  and  the  latter  is  compared  to  the  measured  value.  It  is  critical  that  the 
correct  elemental  composition  be  used  in  the  simulation  for  this  comparison  to  work.  We  are 
investigating  how  additional  imaging  methods,  such  as  dual-energy  CT,  can  help  determine 
the  composition. 

BODY 

We  adapted  the  prototype  RATX  detector  system  so  that  it  could  be  moved  to  the  fixed  proton 
beam  room  for  testing,  with  completion  of  design  and  production  of  a  series  of  modifications  to 
the  existing  table.  The  mounting  system  and  detector  bed  were  designed  and  modified  in  order 
to  allow  the  detector  to  be  used  in  a  clinically  active  area  without  risking  damage  to  the  system 
or  interfering  with  clinical  activities,  and  allow  navigating  in  and  out  of  the  treatment  room. 
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The  prototype  was  moved  to  the  PCAM  facility  and  re-configured  inside  the  fixed  beam  room. 
Detector  calibrations  were  reproduced,  demonstrating  that  the  detector  was  moved  safely  and 
without  damage.  Data  was  taken  using  a  phantom  to  confirm  the  uniformity  of  reconstruction 
and  to  measure  the  absolute  sensitivity  of  the  detector,  as  a  pre-requisite  to  imaging  the  proton 
distribution  following  radiation.,  in  order  to  ultimately  determine  the  accuracy  with  which  we  can 
determine  the  range  of  the  proton  dose,  and  ultimately  translate  these  results  from  phantoms  to 
humans. 

Calibration  problems  were  corrected,  resulting  in  substantially  improved  quality  of  image 
reconstruction.  This  correction  was  tested  with  a  20-cm  diameter  phantom,  which  then  will 
enable  further  studies  with  large  phantoms  more  representative  of  patients. 

Due  to  higher  than  expected  clinical  downtime  at  the  Roberts  Proton  Therapy  Center  since 
opening  of  the  center  for  patient  care,  treatment  operating  hours  for  patient  care  have  been 
routinely  extended.  As  a  result,  we  have  had  significantly  less  time  that  expected  to  continue 
work  on  this  project. 


Proton  Beam  Allocation  Project 


INTRODUCTION 

The  aim  of  this  project  was  to  develop  a  computer  program  to  maximize  the  efficiency  of  the 
proton  facility  with  respect  to  patient  scheduling,  beam  allocation,  and  patient  flow. 
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BODY 


1.  Designing  the  real-time  beam  allocation  application. 

Three  sources  of  information  are  used  for  making  real-time  beam  allocation  decisions:  1)  files 
containing  the  duration  of  preparation  and  field  phases  for  each  treatment  protocol.  2)  the  file 
containing  up-to-date  patient  scheduling  information,  and  3)  the  file  containing  the  records  of 
real-time  events  in  each  treatment  room.  Below  we  proside  a  description  of  each  of  these 
information  sources  and  discuss  how  the  beam  allocation  application  can  operate  in  real  rime, 

1.1.  Protocol  durations  files. 

One  of  the  issues  that  need  to  be  addressed  hi  designing  the  beam  allocation  application  is  how 
to  model  random  durations  of  preparation  and  field  phases  for  each  treatment  protocol,  In 
particular,  it  is  necessary  to  store  data  on  those  durations  hi  a  manner  that  can  account  for  their 
random  nature.  Ail  approach  for  storing  these  data  that  we  adopt  consists  of  defining,  for  each 
preparation  or  field  duration  for  each  treatment  protocol,  a  number  of  "time  buckets"  covering 
time  intervals  from  smallest  to  largest  possible  duration. 

For  example,  consider  an  initial  preparation  phase  for  a  treatment  of  "Prostate-2"  patients 
(treatment  protocol  with  2  fields  and  prostate  as  an  application  site),  Suppose  that  the  minimum 
possible  duration  for  this  preparation  phase  is  1  minute  and  the  maximum  possible  duration  is  30 
minutes,  In  order  to  store  the  data  for  actual  durations  of  this  preparation  phase,  we  can  define 
time  buckets  of  size,  for  example.  0. 1  minute,  such  that  the  entire  interval  between  1  minute  and 
30  minutes  is  covered  by  these  buckets.  In  particular,  in  this  case  there  will  be  290  tune  buckets, 
with  l5t  one  covering  the  tune  interval  [1. 1,1)  minutes,  the  2UQ  one  -  interval  [1.1. 1.2),  etc.,  and 
the  last  one  covering  the  time  interval  [29.9. 30)  minutes,  Each  time  the  actual  duration  falls 
within  a  particular  bucket,  the  "count"  of  durations  in  this  bucket  is  increased  by  1.  Thus,  all 
realization  of  the  actual  duration  of  this  preparation  phase  observed  by  a  given  moment  in  time 
can  be  expressed  similar  to  the  example  in  the  following  Table, 


Time  Bucket  (in  mins),  i 

Duration  C  ount,  q 

[1-  IT) 

i 

[1  1.2) 

5 

[29.9,30) 

1 
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Table  1.  An  example  of  duration  counts  in  eacii  time  bucket. 


Such  an  approach  to  storing  realizations  of  random  durations  is  equivalent  to  recording  an 
''empirical'"  probability  distribution  of  a  particular  duration.  For  example,  if  we  use  N  buckets  to 
record  a  particular  duration,  and  the  current  duration  counts  for  each  bucket  are  (ci ,  ....  ov),  we 
can  define  the  probability  that  the  random  duration  “falls”  within  bucket  i  as 


Pi  =- 


i=  1,  -.AT- 


Cl  +  -h  Cfl 

If  the  bucket  size  is  small  (e.g..  0.1  mms).  we  can  approximate  a  given  duration  as  being  a 
random  variable  taking  values  equal  to  the  midpoints  m ,  of  each  bucket1  i  with  probabilities 
given  by  the  above  formula.  Such  probability  model  can  be  used  to  calculate  various  parameters 
used  during  real-time  beam  allocation.  For  example,  the  expected  value  of  such  duration  can  be 
estimated  as 

N 

c1m1  +  —  +  cNmN 


V 

=  /  Pi^li  =- 


ci  H - h  cN 


Duration  observations  for  any  field  or  preparation  phase  for  any  protocol  can  be  stored  m  this 
way  and  then  used  during  real-time  beam  allocation. 


Protocol  data  files  are  created  with  the  help  of  users  who  set  the  appropriate  time-bucket  size, 
and  the  maximum  and  minimum  preparation  and  field  duration  parameters.  As  new  treatment 
protocols  are  created,  the  corresponding  protocol  data  files  are  added  to  the  overall  set  of  files. 
Realistic  estimates  for  the  initial  duration  counts  should  also  be  specified  at  the  time  a  particular 
protocol  data  file  is  created. 


All  protocol  data  files  are  read  at  the  beginning  of  each  day,  with  the  appropriate  duration 
metrics  (such  as  expected  durations)  calculated  and  stored  for  use  during  real-time  beam 
allocation.  Protocol  data  files  are  updated  at  the  end  of  each  day  by  adding  duration  counts  for 
all  observ  ed  preparation  phases  and  fields  to  the  appropriate  files. 


1.2.  Patient  Schedule  file. 

A  Daily  Schedule  file  (we  assume  it  is  presented  in  a  CSV  format)  contains  up-to-date 
information  on  the  actual  patients  served  up  to  the  current  moment  and  anticipated  patients  to  be 
served  form  the  current  moment  till  the  end  of  the  day  in  each  treatment  room.  The  information 
includes  scheduled  patient  arrival  times  and  treatment  protocols.  The  'hip -to-date"  feature 
implies  that  the  initial  schedule  available  in  die  beginning  of  the  day  and  is  automatically 
updated  during  the  day  m  cases  of  patient  no-shows,  cancellations  and  new  additions  to  the 
schedule.  For  each  treatment  room,  a  Daily  Schedule  file  contains  a  list  of  patient  scheduled 
arrival  times  and  treatment  protocols.  An  example  of  a  Daily  Schedule  file  is  given  in  Table  2 
below.  In  this  example,  the  T[  patient  to  arrive  at  room  1  is  scheduled  for  8 :00  am  and  is  to  be 
served  according  to  the  treatment  protocol  1T  the  next  one  is  scheduled  for  8:30am  and  is  to  be 
served  according  to  the  treatment  proto-col  1 ,  etc. 


3  For  example,  the  midpoint  of  the  time  bucket  [1 . 1.1)  is  W]  =  1.05.  and  the  midpoint  of  the  time  bucket  [29.9. 30)  is 
fljjso  =  29.95. 
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Room 

Arrival 

Protocol 

Arrival 

Protocol 

Arrival 

Protocol 

Arrival 

Protocol 

Arrival 

Protocol 

Arrival 

Protocol 

1 

430 

_ Jj 

510 

_ £ 

540 

1 

570 

■1 

eoo 

2 

630 

2 

2 

430 

2 

510 

5 

540 

1 

570 

3 

600 

1 

630 

3 

l 

430 

2 

510 

3 

540 

3 

570 

13 

600 

12 

630 

J 

4 

430 

3 

510 

4 

540 

_ 2 

S70 

10 

600 

1 

630 

5 

5 

430 

1 

510 

1 

540 

1 

570 

I 

600 

1 

630 

3 

Table  2.  Example  of  a  Patient  Schedule  file, 

1.3.  Real-Time  Events  file. 

The  Real-Time  Events  file  stores  (we  assume,  in  the  CSV  format)  information  on  patient-related 
and  beam-related  events  since  the  beginning  of  the  day  up  to  the  present  moment.  For  each 
event,  three  pieces  of  information  are  recorded:  “time  stamp",  "treatment  room'",  and  ""event 
type".  The  "time  stamp”  records  the  time  at  which  a  particular  event  happened  (expressed,  for 
example,  in  minutes  since  midnight).  The  "‘treatment  room”  is  the  number  of  room  in  which 
event  happened.  The  "event  type*”*  describes  one  of  (currently  5)  possible  events  of  importance 
to  the  beam  allocation  algorithm: 


Event  type  1  =  "Patient  has  entered  the  treatment  room"' 

Event  type  2  =  “Patient  is  ready  for  the  beam"’ 

Event  type  3  =  "Beam  has  been  delivered  to  the  room” 

Event  type  4  =  “Beam  has  been  returned  from  the  room” 

Event  type  3  =  “Patient  has  left  the  room"3 

An  example  of  the  Real-Time  Events  file  is  shown  in  Table  3  below. 


Timestamp  Room  Event  Type 

480 

1 

1 

480 

2 

1 

480 

sF 

1 

480 

c 

1 

480 

sj 

1 

483.1 

2 

2 

433.5 

1 

2 

483.6 

2 

3 

484.5 

2 

4 

484.7 

1 

3 

485.2 

4 

2 

486.3 

1 

4 

487.5 

5 

2 

Tabic  3.  An  example  of  a  Real-Time  Events  file. 

In  this  example,  the  sequence  of  events  is  as  follows:  at  3:00am  ?  patients  enter  rooms  1  through 
5.  Next,  at  8:03:G6am  the  patient  in  room  2  is  ready  for  the  beam,  followed  by  a  patient  in  room 
1  that  becomes  ready  for  the  beam  at  8:03:30am.  The  beam  is  delivered  to  room  2  at  S:D3 :36am 
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and  is  returned  at  8:04:30am.  Beam  is  then  delivered  to  room  I  at  8: 04: 42am.  Nest,  the  patient  in 
room  4  gets  ready  for  the  beam  at  8:05: 12am.  The  beam  is  returned  from  room  1  at  8:06: 1  Sam. 
Finally,  patient  in  room  5  gets  ready  for  the  beam  at  8:07:30am. 

1.4.  How  the  beam-allocation  application  operates  in  real  time. 

It  is  assumed  that  when  the  beam  allocation  algorithm  is  invoked  in  real  time,  there  is  at  least  one 
room  waiting  for  the  beam.  If  there  is  only  a  single  room  waiting  for  the  beam,  the  beam  will  be 
sent  to  that  room.  If  there  are  Two  or  more  rooms  waiting  for  the  beam,  the  beam  allocation 
algorithm  will  read  the  contents  of  the  Daily  Schedule  and  Real-Time  Events  files  and  will 
convert  the  information  in  these  two  files  into  the  current ""state '"  of  the  treatment  system, 
representing  a  sequence  of  preparation  and  field  times  remaining  to  be  delivered  in  each 
treatment  room  at  a  time  when  a  beam  allocation  decision  needs  to  be  made,  as  well  as  the 
waiting  time,  if  any,  incurred  so  far  by  the  next  field  ready  to  be  served  in  each  room.  The  idea 
behind  a  real-time  single -field  dynamic  beam  allocation  algorithm  (RTSFD)  is  based  on 
analyzing  the  throughputs  resulting  from  sending  the  beam  to  each  of  the  currently  waiting 
rooms,  followed  by  first-ready  first- serve  beam  allocation  (FRFS)  afterwards.  Li  other  w  ords  the 
RTSFD  algorithm  operates  on  the  assumption  that  all  preparation  and  field  durations  are  known 
with  certainty.  In  the  deterministic  setting,  comparison  between  the  alternative  beam  trajectories 
takes  very  little  time  for  any  realistic  number  of  fields/patients  remaining  to  be  served  at  the  time 
the  allocation  is  made.  On  the  other  hand,  if  the  values  of  future  preparation  and  field  durations 
are  random  (and  known  only  in  distribution,  as  described  in  protocol  data  files),  the  goal  of 
minimizing  the  throughput  has  to  be  adjusted,  for  example,  to  a  goal  of  minimizing  the  expected 
throughput.  In  such  settings,  the  task  of  calculating  the  expected  throughput  resulting  from 
following  a  FRFS  beam  allocation  approach  is  actually  hard  to  accomplish,  especially  m  real 
time,  since  the  FRFS  beam  trajectory  itself  depends  on  the  actual  values  of  preparation  and  field 
durations.  One  adaptation  of  the  deterministic  version  of  the  RTSFD  algorithm  to  stochastic 
settings  is.  when  making  a  beam  allocation  decision,  to  approximate  the  future  (random) 
preparation  and  field  durations  by  their  expected  values.  Note  that  wrhen  a  beam  allocation 
decision  is  made  in  real  Time,  the  decision  maker  knows  the  actual  values  of  the  waiting  times  for 
those  patients  that  are  ready  for  the  beam,  and  the  elapsed  preparation  durations  for  those 
patients  that  have  not  yet  completed  their  preparation  phases.  The  idea  of  a  "mixed'"  state  of  the 
system  stems  from  the  amount  of  information  available  to  the  decision  maker  at  the  time  the 
beam  allocation  has  to  be  made:  the  exact  values  of  waiting  and  elapsed  preparation  durations  as 
well  as  the  distributional  information  on  the  remaining  future  preparation  and  field  durations. 

Once  the  mixed  state  of  the  treatment  system  is  calculated,  it  is  passed  on  to  the  beam  allocation 
algorithm,  (such  as  RTSFD  algorithm)  that  calculates  which  room  should  receive  the  beam  next. 
Given  that  the  Real-Time  Events  file  records  all  beam  and  patient-service  related  events,  at  the 
end  of  each  day  it  is  possible  to  provide  an  analysis  of  the  effect  of  alternative  beam  allocation 
approaches,  such  as  FRFS. 
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2.  Simulating  the  performance  of  beam-allocation  algorithms  under  different  patient 
sequences  and  stochastic  durations. 

At  present,  we  have  built  a  portfolio  of  alternative  real-time  beam  allocation  algorithms  and 
in  the  past  several  months  we  have  designed  a  simulation  to  test  the  performance  of  these 
algorithms  under  different  patient  sequences  and  deterministic  and  stochastic  durations  of  the 
preparation  and  field  phases  for  each  treatment  protocol.  Below  we  report  the  results  of 
several  such  test  studies. 

2.1.  Data  used  in  the  numerical  tests. 

In  our  numerical  tests  we  have  used  the  data  from  the  "Dataset  2""  collected  during  the 
summer  of  2010.  This  dataset  represents  the  field  and  preparation  durations  for  the  treatment 
protocols  shown  in  Table  4.  The  '%  of  Patients’"  field  represents  the  fraction  of  patients 
treated  according  to  a  particular  protocol. 


Protocol  Site  FieEds 

%  Patients 

1  Prostate 

2 

49.73 

2  Brain 

2 

5,41 

3  Brain 

3 

20.54 

4  Chest 

2 

3. 78 

5  Lung 

2 

3.24 

6  Forearm 

2 

2.7 

7  Sacrum 

2 

3,24 

B  Spine 

2 

3.24 

9  Sternum 

2 

2.16 

10  Abdomen 

2 

1.62 

11  Pelvis 

2 

1,08 

12  Thymoma 

2 

1,63 

13  Sacrum 

3 

1.63 

Table  4.  Treatment  protocols  used  in  the  numerical  study. 

Using  these  treatment  protocols,  we  have  generated  random  daily  patient  sequences  using  the 
probabilities  based  on  the  %  fractions  from  Table  4.  For  each  daily  patient  sequence,  we  have 
assumed  that  the  first  patient  arrives  to  each  treatment  room  at  9:00am.  and  that  each 
following  patient  enters  a  treatment  room  immediately  after  the  departure  of  the  previous 
patient.  Table  5  shows  an  example  of  a  randomly  generated  patient  sequence  with  15  patients 
in  each  treatment  room. 
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Table  5.  An  example  of  a  daily  patient  sequence  with  15  patients  in  each  room. 
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In  our  numerical  tests  we  have  used  both  the  deterministic  and  the  stochastic  durations  of 
each  preparation  and  field  phase  for  each  of  the  protocols  m  Table  4.  In  the  “deterministic 
experiments  we  have  used  the  durations  shown  in  Table  6. 


Proto  cot  Name 

Prap  Phssa  1 

Field  1 

P  rep  Phflic  2 

Field  2 

Prop  Phase  3 

Field  3 

Prop  Phase  4 

1  Prostate- 2 

7.3 

1 A 

3.7 

14 

2.S 

N/ A 

N/A 

2  Brali>2 

11.7 

0,7 

3.3 

1.0 

3,4 

N/A 

N/A 

3  B  ft  ln-3 

10.9 

0.6 

3.4 

0.4 

3.S 

0.4 

3.2 

4  C  best- 2 

13.2 

1.2 

2.3 

0.6 

2.2 

Hf  A 

N/A 

5  Lung-2 

12.4 

0.6 

3.0 

0.7 

3.5 

N/A 

N/A 

6  Forearm- 2 

12.1 

o.s 

4.4 

0.9 

3.4 

N/A 

N/A 

7  Setrum-^ 

11.3 

0.7 

2.6 

0-6 

2,5 

N/A 

N/A 

&  Spine- 2 

11.0 

1.1 

5.0 

14 

4,6 

N/A 

N/A 

&  Stern  um-2 

10.0 

1.0 

4.1 

0.7 

2,2 

N/A 

N/A 

10  Abdomen-2 

IS. 3 

o.s 

3.7 

o.s 

3,9 

N/A 

N/A 

11  Pelvis- 2 

11.5 

0.5 

3.5 

0  5 

2,1 

N/A 

N/A 

12  Tbymotria-2 

6.0 

0.3 

3.S 

1.3 

2.6 

N/A 

N/A 

13  Sacrum-3 

12.4 

O.S 

2.7 

6.4 

1,1 

0.4 

3.S 

Table  6.  Expected  durations  (in  minutes)  of  preparations  and  field  phases  for  13 
treatment  protocols. 

In  the  ^stochastic”  experiments  we  have  used  the  actual  recorded  durations,  with 
expectations  corresponding  to  the  ones  in  Table  6.  Below  we  report  the  results  of  both 
deterministic  and  stochastic  numerical  tests. 

2. 2. Deterministic  durations. 

In  our  numerical  tests,  in  addition  to  testing  the  performance  of  the  RTSFD  algorithm,  we 
have  also  focused  on  investigating  the  effectiveness  of  a  simpler  version  of  this  beam 
allocation  algorithm,  namely,  the  one  that  applies  the  RTSFD  approach  only  to  the  patients 
that  are  currently  m  the  treatment  rooms.  We  call  this  algorithm  Real-Time  Patients -In- 
Room,  or  RTPIR.  The  advantage  of  using  RTPIR  is  in  the  fact  that  it  utilizes  a  much  shorter 
planning  horizon,  and,  thus,  relies  on  a  much  smaller  information  set. 

2.2.1.  RTSFD  vs.  RTPIR:  fixed  patient  sequences. 

As  an  initial  check,  we  have  applied  both  the  RTSFD  and  RTPIR  to  1000  randomly 
generated  patient  sequences  consisting  of  A— 1  patient  in  each  room.  By  construction,  both 
algorithms  are  producing  identical  results  in  this  case.  La  our  tests,  we  have  kept  track  of  3 
performance  measures  for  each  algorithm:  throughput  (time  required  to  complete  the  last 
field  of  the  last  patient),  the  total  patient  waiting  time  (sum  of  all  times  spent  by  all  patients 
waiting  for  the  beam),  and  the  maximum  patient  waiting  time  (the  largest  amount  of  time 
spent  by  any  patient  waiting  for  the  beam).  Note  that  since  the  total  sum  of  all  fields  for  all 
patients  does  not  depend  on  the  chosen  beam  allocation  rule,  the  throughput  minimization  Is 
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equivalent  to  minimizing  the  beam  idle  time.  i.e..  the  total  amount  of  time  beam  spends 
waiting  for  some  patient  to  get  ready.  The  results  of  these  tests  are  presented  in  Table  7. 


ISronghput  fttil-D 

1  hrDU£hpLit  RTAhrt 

t-atol  H  alien  1  wait  ffTSHS 

1  otal  Patient  Wait  H  r  H  IK  Ma* 

Patient  Wait  A  ISttJ  Max 

Patient  WaitKTPIA 

Average  {jail 

0,029 

0.029 

0.009 

0  009 

-0.052 

-0.052 

it.U'tM.  Gap 

0.041 

0.041 

0.025 

0.0-25 

0.104 

0.104 

Max  Gap 

0.129 

0.129 

0.227 

0.227 

0.254 

0.264 

Min  Gap 

0.000 

0.000 

43.179 

-0  179 

-1.040 

-1.040 

Gap  !  RTSH3 

Gap  T  K 1  PI  k 

Gap  WRTSffi 

Gap  W  R  fPIR 

Gap  Mai;  W  tfUKJ 

GAP  Man  WKI'HIK 

Gap  1  ftlSFCi 

1.00 

Gap  T  RTPlA 

1.00 

1.00 

bap  W  RISf-D 

0.53 

0.53 

1. 00 

Gap  W  RlPIR 

0.53 

0,53 

1.00 

1.00 

Gap  Mac  WHliFt) 

-0.64 

-0.64 

43,33 

-0.33 

1.00 

GAP  Mail  W  ft’IP!  K 

-0.64 

-0.64 

43.33 

-0.33 

1.00 

1.00 

Table  7.  Performance  of  RTSFD  and  RTPIR  foriV=I  patient  in  each  treatment  room 
(1000  randomly  generated  patient  schedules,  deterministic  durations). 

As  expected,  both  algorithms  result  in  the  same  performance  —  on  average  (for  a  randomly 
selected  patient  schedule),  they  result  in  7.9%  improvement  in  generated  throughput  as 
compared  to  FRFS.  In  addition,  both  algorithms  generated  small  (0.9%)  reduction  in  total 
patient  wait  time,  while  increasing  the  maximum  patient  wait  time,  oil  average,  by  5.2%.  It  is 
not  surprising  that  the  maximum  patient  wait  time  increases  when  beam  allocation  deviates 
from  FRFS  approach  that  allocates  the  beam  to  patient  with  the  longest  wait.  A  similar 
message  is  contained  in  the  correlation  matrix:  throughput  reduction  is  positively  correlated 
with  the  reduction  in  total  patient  waiting  time  and  negatively  correlated  with  the  reduction  in 
maximum  patient  waiting  time. 

However,  it  is  important  to  note  that  the  actual  patient  sequences,  of  course,  are  not  random 
and  can  be  selected  to  maximize  the  impact  of  real-time  beam  allocation.  As  Table  7 
indicates,  the  throughput  improvement  can  vary  from  non-existent  to  12.9%.  Figure  8  shows 
the  distribution  of  the  throughput  improvement  for  RTSFD  and  RTPIR  in  this  case. 
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Throughput  Gap  between  RTSFD/RTPIR  and  FRFS 


Figure  8.  Distribution  of  the  throughput  performance  gap  for  RTSFD  and  RTFIR 
algorithms  (1000  randomly  generated  patient  schedules  with  A—l  patient  in  each 
treatment  room,  deterministic  durations). 

Next,  we  conducted  tests  for  patient  sequences  that  include  N=  2  patients  in  each  room.  Table 
9  reports  the  results  on  these  tests. 


Thro  iff  h  put  trfSfD 

thro  uphput  RTPIR 

ratal  Fartent  Wad  fcTSFO 

total  Maacn-  WaJi  fitFIK  Maa 

fcaborrtrtJilt  Rt5l=D 

Mik  Patient  Wart  FTtFIR 

Arango  Gap 

0.030 

0.014 

D.0S9 

-o.ooa 

■0,321 

-0.063 

5LDw.  Sap 

0,024 

0,023 

0,090 

0.076 

0.331 

0.131 

Mat:  Gan 

0,120 

0.093 

0.341 

0.340 

0,356 

0,313 

M  n  Gap 

0,000 

-0.067 

-0.196 

■0.348 

-1.344 

-1.072 

Table  9.  Performance  of  RTSFD  aacl  RTFIR  for  N=2  patient  in  each  treatment  room 
(1000  randomly  generated  patient  schedules,  deterministic  durations). 

As  we  observe,  that  performance  of  the  RTSFD  algorithm  remains  largely  unchanged,  with 
the  average  throughput  performance  improvement  of  3.0%,  and  the  maximum  improvement 
of  12%.  However,  the  performance  of  the  RTPIR  algorithm  decreases  to  an  average  1 .4% 
improvement  in  throughput  (with  maximum  improvement  of  9.3%).  Note  that  the  worst-case 
performance  of  the  RTPIR  is  an  increase  of  6.7%  in  the  throughput  as  compared  to  FRFS  . 
The  correlation  between  the  throughput  gaps  generated  by  RTSFD  and  RTPIR  algorithms  is 
60%.  Figure  10  shows  the  distribution  of  the  throughput  performance  gap  for  the  RTSFD 
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algorithm.  As  we  observe,  the  proportion,  of  cases  in  which  RTSFD  manages  to  generate  an 
improvement  over  FRFS  increases  from  41.7%  to  91.4%. 
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Figure  10.  Distribution  of  the  throughput  performance  gap  for  RTSFD  and  RTPIR 
algorithms  (1000  randomly  geuerated  patient  schedules  with  A-l  patient  in  each 
treatment  mom,  deterministic  durations). 

As  the  next  step,  we  have  created  patient  sequences  writh  up  to  A—  15  patients  m  each 
treatment  room.  Figure  1 1  shows  howr  the  average  (over  1000  random  patient  sequences 
generated  for  A— 1,  2,  and  over  100  random  patient  sequences  generated  for  AT=3,.._,15) 
throughput  gap  (as  compared  to  FRFS)  changes  with  N  for  RTSFD  and  RTPIR  algorithms. 
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Figure  11.  Average  throughput  gap  for  RTSFD  and  RTPIR  vs.  FRFS  algorithms  as  a 
function  of  number  of  patients  scheduled  in  each  treatment  room,  Ar  (deterministic 
durations). 

As  Figure  11  indicates,  the  average  RTSFD  performance  is  not  substantially  affected  by  the 
number  of  scheduled  patients  and  remains  between  2.5%  and  3%.  At  the  same  time,  average 
RTPIR  performance  drops  as  the  number  of  scheduled  patients  increases,  hi  particular,  as  N 
reaches  6,  the  average  performance  of  the  RTPIR  drops  to  0%.  It  is  important,  however  to 
also  keep  in  mind  that  the  choice  of  the  patient  sequence  can  significantly  affect  the 
performance  of  a  particular  algorithm.  Figure  12  show  s  how  the  maximum  throughput 
improvement  values  depend  on  the  number  of  patients  scheduled  in  each  treatment  room. 


Figure  12.  Maximum  throughput  gap  for  RTSFD  aud  RTPIR  vs.  FRFS  algorithms  as  a 
function  of  number  of  patients  scheduled  in  each  treatment  roam,  Ar (deterministic 
durations). 

As  we  observe  from  Figure  12,  for^V>l  patients  per  room,  best  RTSFD  performance  (over 
throughput  generated  by  FRFS)  is  m  the  5%-12%  range,  while  best  RTPIR  performance  is  m 
the  3%-9%  range. 

It  is  interesting  to  look  at  how  such  throughput  improvements  can  be  translated  into  increases 
in  the  number  of  patients  served  each  day.  Figure  13  show's  how  the  average  (over  1D0 
random  patient  sequences)  throughput  generated  by  a  FRFS  policy  changes  when  the  number 
of  patients  scheduled  in  each  room  increases  from  N=  1  (5  total  scheduled  patients)  to  N=  15 
(75  total  scheduled  patients). 
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Figure  13.  Average  (over  100  random  patient  sequences)  throughput  generated  hy  the 
FRFS  algorithm  as  a  function  of  total  number  of  scheduled  pa  tients  (deterministic 
durations). 

A  simple  linear  regression  provides  a  very  good  fit  to  these  values  (with  =0.995) 
indicating  that,  when  another  5  patients  are  added  to  the  sequence,  the  throughput,  increases 
by  about  4.64  minutes  per  patient,  on  average.  Figure  14  “zooms  in"  on  the  region  between 
60  and  75  scheduled  patients  and  adds  the  average  throughput  values  for  the  RTSFD  (in  red) 
algorithm  for  comparison. 
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Figure  14.  Average  (over  100  random  patient  sequences)  throughput  generated  by  the 
FRFS  (blue)  and  RTSFD  (red)  algorithms  as  a  function  of  total  number  of  scheduled 
patients  (deterministic  durations). 

Figure  14  points  out  that,  for  example,  for  Ar=14  patients  in  each  room  (70  scheduled  patients 
in  total),  moving  from  FRFS  to  RTSFD  leaves  time  for  1-2  extra  patients  per  day.  Since  the 
curves  in  Figures  13  and  14  are  based  on  adding  5  patients  (1  per  room)  at-a-time,  it  is 
important  to  analyze  a  more  detailed  setting  in  which  patients  are  added  to  the  sequence  one- 
at-a-time. 

Figure  15  shows  the  average  (over  500  random  patient  sequences)  throughput  values  for 
FRFS  and  RTSFD  algorithms  when  the  number  of  patients  scheduled  changes  from  75  (15 
patients  in  each  room)  to  76  (15  patients  in  4  rooms  and  16  in  the  5th  room),  to  77  (15 
patients  in  3  rooms,  and  16  patients  m  each  of  the  remaining  2  rooms),  to  78  (15  patients  in  2 
of  the  rooms,  and  16  patients  in  the  remaining  3  rooms),  to  79  (15  patients  in  1  room,  and  16 
in  each  of  the  remaining  4  rooms),  to  SO  (16  patients  in  each  room).  As  Figure  15  indicates, 
depending  on  the  patient  configuration,  the  use  of  RTSFD  instead  of  FRFS  allows  to  “inject” 
between  1  and  3  extra  patients  within  the  throughput  range  generated  by  FRFS. 


Figure  15.  Average  (over  500  random  patient  sequences)  throughput  generated  by  the 
FRFS  (blue)  and  RTSFD  (red)  algorithms  as  a  function  of  total  number  of  scheduled 
patients  (deterministic  durations). 

2.2.2.  RTSFD  performance:  improving  patient  sequences. 

One  important  factor  in  considering  potential  throughput  improvement  is  optimi  sing  patient 
sequencing.  For  the  same  patient  arrival  times  in  each  room,  simply  switching  the  sequence 
in  winch  patients  are  scheduled  to  arrive  can  have  a  measurable  impact  on  the  throughput, 
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and.  consequently,  on  beam  utilization.  In  dais  Section  we  report  the  results  of  numerical  tests 
in  which  the  Improvements  m  real-time  beam  allocation  are  combined  with  those  resulting 
from  using  better  patient  sequences.  In  our  numerical  tests,  we  first  looked  at  the  patient 
sequences  with  N= 2  patients  in  each  room.  In  particular,  we  have  generated  500  random 
patient  sequences.  For  each  patient  sequence,  throughput  values  T® mFD  and  T^SfS  for  RTSFD 
and  FRFS  algorithms  are  calculated.  After  that,  a  random  permutation  of  patient  sequence  in 
each  room  is  generated,  and  RTSFD  and  FRFS  are  applied  agam  to  this  permuted  patient 
sequence.  Among  the  results  for  50  random  permutations,  the  one  with  lowest  FRFS 
throughput  value  )  and  the  one  with  the  lowest  RTSFD  throughput  value  (T^FZ })  are 

selected,  and  the  performance  gaps  =  (7^  -  Tr-t^/Dufs  , 

t'FBFS  =  ^Tfrfs  ~  ^frfs  ) /  ^frfs  ■  fd  =  (Tfxfs  —  ^jetsed )  /  calculated.  In  other 

words,  the  first  error  term  represent  5  an  improvement  generated  by  applying  RTSFD  beam 
allocation  to  a  random  patient  schedule,  the  second  term  represents  an  improvement 
generated  by  altering  patient  sequence,  and  the  final  one  —  an  improvement  generated  by 
combining  the  two  approaches.  Table  16  shows  the  resulting  values  of  these  £  error  terms. 


Average  over  500 
patient  sequences 


£  RTSFD 


£ 


b 

FRFS 


&RTSFD 


2.65%  4.92%  5.23% 


Table  16.  Combined  performance  of  RTSFD  and  improved  patient  sequence  (AT=2 
patients  in  each  room,  deterministic  durations). 

As  we  observe,  the  average  RTSFD  contribution  of  2.85%  can  be  enhanced  to  6.23%  by 
using  better  patient  sequencing.  On  the  odier  hand,  using  improved  patient  sequencing  wrhile 
retaining  the  FRFS  beam  allocation  approach  results  in  an  average  improvement  of  4.92%. 
While  the  contribution  of  pure  patient  sequencing  appears  to  be  higher.  It  is  in  combination 
of  these  tw  o  approaches  that  the  highest  improvement  is  achieved. 


Next,  we  have  applied  this  approach  to  a  "=real-size”  problem  containing  15  patients  m  each 
room.  For  tills  larger  problem,  wre  have  used  50  random  patient  sequences,  and  for  each 
patient  sequence,  25  different  sequencing  scenarios.  The  results  are  reported  in  Table  17. 


Average  over  50 
patient  sequences 


GRIST'D 


2,62%  3,26%  4,61% 


Table  17.  Combined  performance  of  RTSFD  and  improved  patient  sequence  (AT=15 
patients  in  each  l  oom,  deterministic  durations). 
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Table  17  illustrates  the  point  that  the  effectiveness  of  joint  application  of  effective  real-time 
beam  allocation  approaches  and  improved  patient  sequencing  enhances  the  overall  impact  on 
the  resulting  throughput:  RTSFD  alone  generates  an  average  2.62%  improvement  in 
throughput,  while  combined  with  better  patient  sequencing  brings  the  average  improvement 
to  4.61%. 

2. 3. Stochastic  durations. 

We  have  extended  our  numerical  experiments  to  the  setting  where  the  actual  durations  of  the 
preparations  phases  and  fields  for  all  treatment  protocols  are  random.  In  our  numerical  tests 
we  have  used  the  actual  data  from  Dataset  2. 

2.3.1.  RTSFD  vs.  RTPIR:  fixed  patient  sequences. 

As  was  done  for  the  setting  with  deterministic  preparation  and  field  times,  we  first  have 
applied  both  the  RTSFD  and  RTPIR  to  100  randomly  generated  patient  sequences  consistmg 
of  A— 1  patient  in  each  room.  As  before,  by  construction  of  RTPIR  algorithm,  both  algorithms 
are  producing  statistically  identical  results  in  tins  case.  The  results  are  presented  in  Table  18. 
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0.0088734 

0.008853695 

0.007162982 

0:007187756 

O.D3Q1C5557 

_ 0.02992936 1 

Man  Cap 

0.043958432 

□■034552523 

0  01841909 S 

0.02111 7403 

CLD03 177966] 

O.QOS49S754I 

Min  Gap 

-0.000245909 

-O.ODP57117| 

-□.02356BlDi 
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Table  IS.  Performance  of  RTSFD  and  RTPIR  for  AJ=I  patient  in  each  treatment  room 
(100  randomly  generated  patient  schedules,  random  durations). 

Note  that,  averaged  over  randomly-generated  patient  sequence,  as  compared  to  FRFS, 
RTSFD  and  RTPIR  reduce  throughput  by  about  1.5%,  with  minimum  gap  of  about  0%  and 
maximum  gap  of  around  4.4%.  On  average,  both  algorithms  reduced  total  patient  wait  time 
by  about  0.1%,  but  increased  maximum  patient  wait  time  by  about  5%.  As  compared  to 
Table  7,  the  average  throughput  gap  in  the  presence  of  stochastic  durations  is  reduced  from 
2.9%  to  1 .5%,  and  the  maxmium  throughput  gap  is  reduced  from  12.9%  to  about  4.4%.  The 
corresponding  distribution  of  the  throughput  improvement  gap  is  shown  on  Figure  19. 
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Figure  19.  Distribution  of  the  throughput  performance  gap  for  RTSFD  and  RTPIR 
algorithms  (100  randomly  generated  patient  schedules  with  AT=1  patient  in  each 
treatment  room,  random  durations). 

2.3.2.  Combining  RTSFD  with  improved  patient  sequencing. 

As  in  case  of  deterministic  durations,  the  performance  of  the  beam  allocation  algorithms 
strongly  depends  on  the  selected  patient  schedule.  In  order  to  verify  the  impact  of  patient 
sequencing  on  the  overall  throughput  reduction,  we  have  conducted  the  variant  of  the  study 
described  in  Section  2.2.2  for  ,iY=2  patients  in  each  treatment  room.  In  particular,  we  have 
generated  50  random  patient  sequences,  and  for  each  patient  sequence,  we  have  applied  the 
adapted  version  of  RTSFD  (as  described  in  Section  1.4)  and  FRFS  algorithms  to  100 
scenarios  involving  random  durations  for  preparation  phases  and  fields.  After  that,  10 
random  permutations  of  each  patient  sequence  were  generated,  and  the  procedure  repeated 
for  each  permutation  Among  the  results  for  10  random  permutations,  the  one  wpith  lowest 
expected  FRFS  throughput  value  (T^SFS )  and  the  one  with  the  lowest  expected  RTSFD 
throughput  value  ( T sjsfb)  are  selected,  with  expectations  calculated  over  100  scenarios  for 
each  patient  sequence.  The  resulting  values  of  the  performance  gaps 

£33SFD  -  C^FSFS  ~  ^JUSEdV^JMFS  =  ^ FRFS  =  (^FSFS  ~  ^FSFs)/^FRFS  ; 

SRI5FD  ~  i^FRFS  —  ) / Tprfs  ^  presented  m  Table  20. 


^RISFD 

^FRFS 

£b 

^  RTSFD 

Average  over  50  patrenl 

1.33% 

1.97% 

3.00% 

Table  20.  Combined  performance  of  RTSFD  and  improved  patient  sequence  (AT=2 
patients  in  each  room,  random  durations). 
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Similar  ro  the  deterministic  settings,  the  RTSFD  algorithm  and  the  improved  patient 
sequencing  enhance  each  other's  effects  on  the  throughput,  resulting  in  overall  3% 
throughput  improvement,  on  average. 


Summary 

We  have  developed  a  prototype  beam  allocation  application,  with  simulation  studies  focused  on 
investigating  the  performance  of  the  beam  allocation  algorithms  under  stochastic  durations  of 
preparation  and  field  times,  and  studying  the  infuence  of  different  patient  sequencing  schemes 
on  throughput  performance.  Clinical  implementation  will  require  software  upgrades  to  be 
installed  by  the  proton  therapy  vendor  (IBA),  scheduled  for  March  2014,  which  will  increase  the 
efficiency  of  beam  delivery,  beam  switching  and  beam  layering.  Once  the  commercial  software 
upgrade  that  is  required  for  continued  patient  care  is  completed,  the  prototype  beam  allocation 
application  will  be  tested  in  a  clinical  format. 


KEY  RESEARCH  ACCOMPLISHMENTS 


Tissue  Heterogeneity: 

•  Built  a  heterogeneous  phantom,  exposed  the  radiochromic  film  to  protons. 

•  Validated  using  WRNMMC  CT-Simulator  for  imaging  phantoms.  WRNMMC  CT  numbers 
for  a  variety  of  materials  close  to  CT  numbers  for  University  of  Pennsylvania  CT-Simulator.  Look 
up  table  for  proton  stopping  powers  for  WRNMMC  are  sufficiently  close  expected  from  those 
from  University  of  Pennsylvania. 

Linear  Energy  Transfer: 

•  First  report  for  measuring  LET  over  areas. 

•  First  mathematical  development  for  posited  quenching  mechanism 

•  Highest  LET  value  measurement  including  preliminary  volume  measurement  of  LET. 

•  Tested  LET  measurement  for  protons  for  a  variety  of  ranges. 

•  Tested  LET  measurement  procedure  for  narrow  Bragg  peak  and  SOPB 

Multichannel  Dosimetry: 

•  Conceived,  described,  tested  a  multichannel  (red,  green,  blue)  film  dosimetry  for 
analyzing  darkening  of  radiochromic  films  due  to  radiation  such  as  x-rays  and  protons. 

•  Multichannel  approach  corrects  small  (but  dosimetrically  significant)  scanner  illumination 
variations  and  local  imperfections  in  radiochromic  film 

•  Demonstrated  improvement  of  multichannel  approach  over  single  or  dual  channel  film 
dosimetry. 

•  First  detailed  mathematical  description  of  multichannel  approach 
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•  Conceived,  tested  new  parameter  (RS)  or  relative  slope  to  ensure  appropriate 
multichannel  application  and  doses. 

Organ  Motion: 

•  Dynamic  lung  phantom  for  use  in  radiation  treatment  verification  was  designed  and 
constructed 

•  Continued  assessment  and  refinement  of  the  phantom  is  still  required  prior  to  clinical 
implementation 

Telemedicine: 

•  The  RPRT  telemedicine  solution,  developed,  tested,  and  optimized  over  the  course  of 
phases  IV  and  V,  is  currently  being  used  to  treat  DOD  beneficiaries.  Preliminary  results  will  be 
presented  in  an  upcoming  manuscript. 

•  The  overarching  intent  of  the  telemedicine  solution  was  to  1)  keep  WRAMC/WRNMMC 
providers  involved  in  the  care  of  their  patients  despite  not  having  the  capability  to  deliver  proton 
radiation  therapy  on-site  and  2)  minimize  patients’  time  away  from  home  and/or  work  by  taking- 
on  some  of  the  functions  otherwise  performed  by  the  proton  treatment  center  (staging, 
enrollment,  and  treatment  planning).  In  this  regard,  the  telemedicine  solution  should  be 
considered  a  success  since  it  has  achieved,  and  will  hopefully  continue  to  realize,  these  two 
goals. 

•  Across  cases,  all  patients  have  thus  far  been  able  to  start  their  treatment  on  time 
(arriving  at  Philadelphia  on  Day  0  and  beginning  their  course  of  proton  radiation  therapy  on  Day 
1)  and  only  one  of  the  remotely  generated  treatment  plans  needed  partial  re-planning  (the  result 
of  a  software  upgrade  at  HUP). 

•  The  Standard  Operation  Procedure  (SOP)  for  the  RPRT  process  was  refined  from  an 
early  concept  (Figure  4)  to  the  one  currently  in  use  (Figure  5). 


Figure  4  -  SOP  (early  concept) 
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Study  subject  receives 
daily  treatments  for  up  to 
nine  weeks 


I 


Follow-ups  with  DOD 
provider  at  local  MTF 


Figure  5  -  SOP  (in-use) 


•  The  deployment  of  the  telemedicine  prompted  the  opening  of  proton-specific  clinical 
trials  (a  parallel  effort,  not  funded  by  this  cooperative  agreement). 

o  Proton  Radiation  for  Low-Grade  Gliomas 

o  A  Trial  of  Proton  Radiation  Therapy  Using  Standard  Fractionation  for  Low-Risk 
Adenocarcinoma  of  the  Prostate 

o  A  Feasibility  Trial  of  Proton  Radiation  Therapy  or  Intensity  Modulated  Radiation 
Therapy  Using  Mild  Hypofractionation  for  Intermediate-Risk  Adenocarcinoma  of 
the  Prostate 

•  Each  trial  takes  the  form  of  a  Cooperative  Research  and  Development  Agreement 
(CRADA)  between  WRNMMC  and  HUP.  Patients  enrolled  under  the  two  prostate  trials  have 
benefitted  from  the  use  of  the  RPRT  solution. 

Neutron  and  Microdosimetry  of  the  Proton  Beam: 

•  A  microdosimetry  system  was  developed  for  characterizing  microscopic  patterns  of  dose 
deposition  and  relating  these  measurements  to  variations  of  the  biological  effect  of  proton 
induced  secondary  radiation.  This  development  included  fabrication  of  microdosimeters, 
construction  and  development  of  pulse  processing  electronics,  software  development  for  the 
data  acquisition  application,  testing  and  troubleshooting  in  x-ray  and  proton  fields. 
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•  The  system  is  currently  being  employed  in  experiments  with  the  proton  beam  and  many 
future  experiments  in  collaboration  with  biological  effect  studies  are  in  the  planning  stages. 

•  The  first  results  from  proton  beam  microdosimetry  measurements  will  be  detailed  in  an 
upcoming  manuscript. 

•  A  dual  ionization  chamber  dosimetry  system  was  developed  for  measurement  of 
absolute  dose  in  the  mixed  gamma-ray  /  neutron  radiation  field  induced  by  protons  interacting 
in  the  patient  and  the  beam  modification  devices  such  as  the  Tungsten  MLC.  This  development 
included  fabrication  of  large  volume  ionization  chambers  from  tissue  equivalent  plastic  and 
Magnesium,  and  development  of  Monte  Carlo  simulations  to  determine  the  sensitivity  of  these 
chambers  to  gamma-rays  and  neutrons. 

•  The  first  results  from  measurements  of  the  neutron  dose  produced  by  the  Tungsten  MLC 
compared  to  that  produced  by  a  brass  collimator  system  has  been  published. 

•  The  system  is  currently  being  employed  to  compare  the  neutron  dose  from  the  3  proton 
beam  delivery  modalities  (passive  scattering,  uniform  scanning,  and  pencil  beam  scanning). 
The  results  of  this  study  will  be  included  in  an  upcoming  manuscript. 

Cone  Beam  Computed  Tomography  (CBCT): 

•  Designed  and  implemented  a  CBCT  system  on  a  test  bench.  Installation  and 
deployment  of  the  CBCT  system  at  the  University  of  Pennsylvania  proton  system  is 
expected  in  early  2014. 

•  Developed  software  and  image  reconstruction  platform  for  proton  CBCT  system 

•  Developed  novel  applications  of  CBCT  specific  to  proton  therapy  to  detect  potential 
proton  range  deviations  due  to  anatomical  change. 

Calypso: 

•  Procured,  installed,  tested,  and  upgraded  the  Calypso  System  for  use  in  a  proton 
treatment  room  at  Roberts. 

•  Investigated  the  dose  shadow  effect  downstream  of  the  Calypso  Beacon  transponders 
and  determined  guidelines  for  the  beacon  implantation  and  treatment  planning 
strategies. 

•  Further  validated  the  Geant4-based  Monte  Carlo  simulation  code  developed  at  the 
University  of  Pennsylvania  under  Phases  I  and  II  of  this  Award. 

•  Implemented  a  patient  research  protocol  and  began  the  collection  of  data  using  patients 
previously  treated  with  photons  to  investigate  the  accuracy  of  Calypso  localization  in 
vivo.  One  patient  has  been  setup  with  Calypso  in  the  proton  room  and  compared  with 
imaging  with  positive  results. 

Radiobiology: 

•  Developed  a  model  system  for  preclinical  testing  for  proton  RBE,  via  established  cell 
lines  and  methods. 

•  Measure  RBE  for  protons,  detailing  the  dependence  of  RBE  on  physical  beam  and 
biological  cell  properties. 

Positron  Emission  Tomography  (PET)  of  proton  beams  to  verify  dose  deposition: 

•  Developed  prototype  RATX  detector  system  for  testing,  with  completion  of  design  and 
production  of  a  series  of  modifications  to  the  existing  proton  treatment  table. 


Proton  Beam  Allocation  Project: 
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•  Developed  a  prototype  beam  allocation  application,  with  simulation  studies  focused  on 
investigating  the  performance  of  the  beam  allocation  algorithms  under  stochastic 
durations  of  preparation  and  field  times,  and  studying  the  infuence  of  different  patient 
sequencing  schemes  on  throughput  performance. 


REPORTABLE  OUTCOMES 


Tissue  Heterogeneity: 

No  reportable  outcomes  yet 

Linear  Energy  Transfer: 

Rulon  Mayer,  Marcus  Fager,  Alejandro  Carabe,  Liyong  Lin,  Jim  McDonough,  Donna  Kessel, 
John  O’Connell,  “New  Areal  Proton  LET  Detector”,  Abstract/Poster  presented  at  University  of 
Pennsylvania  Radiation  Oncology  Retreat.  December  8,  2012. 

Multchannel  Dosimetry: 

Mayer  R  Ma  F,  Chen  Y,  Miller  R,  Belard  A,  O’Connell  J  ,  McDonough  J,  2012  Enhanced 
Dosimetry  Procedures  and  Assessment  for  EBT2  Radiochromic  Media,  Medical  Physics,  39 
2147-2155.  (see  Appendix  for  manuscript) 

Organ  Motion: 

Jessica  R.  Sheehan,  Rulon  Mayer,  Arnaud  Belard,  and  John  O’Connell,  “Development  of 
Dynamic  Lung  Phantom  for  Radiation  Treatment  Verification”,  Abstract  presented  at  IMECE 
2013-ASME  2013  International  Mechanical  Engineering  Congress  and  Exposition,  November 
15-21, 2012  in  San  Diego,  CA 

Telemedicine: 

Improving  Proton  Therapy  Accessibility  Through  Seamless  Electronic  Integration  of  Remote 
Treatment  Planning  Sites.  Belard  A,  Dolney  D,  Tochner,  Z,  McDonough  J,  O’Connell  JJ  - 
Telemed  J.,  2011,  Vol.  17. 

Development  of  a  Remote  Proton  Radiation  Therapy  Solution  over  Internet2.  Belard  A,  Tinnel  B, 
Wilson  S,  Ferro  R,  O'Connell  J.  10,  s.l.  :  Telemed  J.,  2009,  Vol.  15. 

A  Hybrid  Integrated  Services  Digital  Network-Internet  Protocol  Solution  for  Resident  Education. 
Erickson  D,  Greer  L,  Belard  A,  Tinnel  B,  O'Connell  J  -  Telemed  J.,  2010,  Vol.  16. 

Comparison  of  Intensity-modulated  Radiotherapy,  Adaptive  Radiotherapy,  Proton  Radiotherapy, 
and  Adaptive  Proton  Radiotherapy  for  Treatment  of  Locally  Advanced  Head  and  Neck  Cancer. 
Simone  C,  Lyu  D,  Ondos  J,  Ning  H,  Miller  R,  Belard  A,  Simone  N  -  Radiother  Oncol.  201 1  Jun 
12.  (see  Appendix  for  manuscript) 

Comparison  of  Predicted  Excess  Secondary  Malignancies  and  Normal  Tissue  Toxicities 
Between  Proton  and  Photon  Radiation  Therapy  for  Treatment  of  Stage  I  Seminoma.  Simone  C., 
Kramer  K.,  O’Meara  W.,  Belard  A.,  McDonough  J.,  O’Connell  J.  -  Int  J  Radiat  Oncol  Biol  Phys. 
2011  Jan  13.  (see  Appendix  for  manuscript) 

Neutron  and  Microdosimetry  of  the  Proton  Beam: 
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E.  S.  Diffenderfer,  C.  G.  Ainsley,  M.  L.  Kirk,  J.  E.  Mcdonough,  and  R.  L.  Maughan,  “Comparison 
of  secondary  neutron  dose  in  proton  therapy  resulting  from  the  use  of  a  tungsten  alloy  MLC  or  a 
brass  collimator  system,”  Med.  Phys.,  vol.  38,  no.  11,  pp.  6248-6256,  201 1 .  (see  Appendix  for 
manuscript) 

E.  Diffenderfer ,  C.  G.  Ainsley,  M.  L.  Kirk,  J.  E.  Mcdonough,  and  R.  L.  Maughan,  “Reply  to  “ 
Comment  on  ‘  Comparison  of  secondary  neutron  dose  in  proton  therapy  resulting  from  the  use 
of  a  tungsten  alloy  MLC  or  a  brass  collimator,”  Med.  Phys.,  vol.  39,  no.  4,  pp.  2306-2309,  2012. 

Cone  Beam  Computed  Tomography  (CBCT): 

(1)  J.  Seabra,  K.  Teo,  S.  Brousmiche,  R.  Labarbe,  D.  Wikler,  R.  Maughan,  J.  Lee:  Design  and 
Deployment  of  a  Proton  Therapy  Cone-Beam  CT.  Particle  Therapy  Co-Operative  Group  Annual 
Meeting  2012,  Seoul  South  Korea(Poster). 

(2)  L.  Yin,  D.  Dolney,  A.  Kassaee,  J.  Gee,  P.  Ahn,  A.  Lin,  J.  McDonough,  R.  Maughan,  B.  K. 
Teo:  Image-Based  Proton  Range  Verification  Using  Intensity-Corrected  CBCT.  AAPM  Meeting 
2013,  Indiana.  PA  (Oral). 

Calypso: 

Publication:  Derek  Dolney,  James  McDonough,  Neha  Vapiwala  and  James  M  Metz,  Dose 
perturbations  by  electromagnetic  transponders  in  the  proton  environment,  Phys.  Med.  Biol.  58 
(2013)  1495150.  (attached  as  Appendix) 

Poster:  Derek  Dolney,  James  McDonough,  Neha  Vapiwala  and  James  M  Metz,  Investigation  of 
dose  perturbations  by  electromagnetic  transponders  in  the  proton  environment,  American 
Radium  Society  Annual  Meeting  (2012). 

Radiobiology: 

Eblan,  M,  Cengel,  KA:  Biology  of  Proton  Therapy,  Old  and  New  Considerations.  Radiation 
Medicine  Rounds:  Proton  Therapy.  Metz,  JMThomas,  CR  (eds.).  1(3):  441-454,  2011. 

Positron  Emission  Tomography  (PET)  of  proton  beams  to  verify  dose  deposition: 

Kirk  ML,  Teo  B,  Dolney  D,  McDonough  JE,  Tochner  Z,  Lin  A,  Lin  L.  Verification  of  Proton 
Treatment  Dose  Calculation  and  Delivery  Using  Monte  Carlo  Simulated  Dose  and  Isotope 
Distribution  and  Measured  Isotope  Distribution.  Presented  in  abstract  form  and  oral  presentation 
at  the  201 1  Annual  Meeting  of  the  American  Society  of  Radiation  Oncology,  Miami,  FL. 

Proton  Beam  Allocation  Project: 

None  to  date. 


CONCLUSIONS 


Tissue  Heterogeneity: 

Building  the  heterogeneous  phantom,  developing  techniques  for  achieving  accurate 
radiochromic  film  dosimetry,  testing  and  validating  LET  measurement  tools  provide  the  essential 
components  for  measuring  the  dose  within  heterogeneous  materials.  In  addition,  this  research 
seeks  to  measure  the  LET  within  the  heterogeneous  materials  and  validate  with  Monte  Carlo 
calculations. 
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Linear  Energy  Transfer: 

Biological  response  to  radiation  depends  on  the  dose,  dose  rate,  and  localized  energy 
deposition  patterns  or  linear  energy  transfer  (LET).  Most  experiments  that  measure  spatial 
distribution  focus  on  dose  and  almost  none  on  the  LET  patterns.  This  study  describes  and 
examines  the  first  report  of  measured  spatial  distribution  of  the  LET  delivered  by  proton 
irradiation  over  an  area  using  EBT2  radiochromic  film  The  radiochromic  film  sensitivity 
diminishes  with  high  energy  deposition,  or  LET.  A  heuristic  formulation  connecting  the  film 
sensitivity  and  LET  is  presented.  The  discrepancy  between  the  absolute  measured  and 
expected  dose  distribution  is  exploited  to  determine  the  LET.  This  study  proposes  a  metric,  the 
scaled,  normalized  difference  (SND)  between  the  treatment  planning  and  measured  dose.  The 
SND  is  correlated  with  a  Monte  Carlo  calculation  of  the  LET  spatial  distribution  for  a  large  range 
of  SNDs.  A  polynomial  fit  between  the  SND  and  Monte  Carlo  (MC)  LET  is  generated  for  protons 
having  range  of  20  cm  with  narrow  and  Spread  Out  Bragg  Peak  (SOPB),  modulated  by  5  cm. 
Coefficients  from  these  polynomial  fits  were  applied  to  measured  proton  dose  distributions  with 
a  variety  of  ranges.  Gamma  analysis  is  calculated  for  areas  in  the  dose  distribution  between  70 
cGy  and  200  cGy  using  gamma  analysis  parameters  of  25%  of  MC  LET,  and  3  mm  in  two 
dimensions.  The  processed  dose  distributions  finds  5  to  10  %  gamma  exceedances  for  the 
narrow  12.5  and  15  cm  proton  ranges  and  10  to  15  %  for  proton  ranges  of  15,  17.5  and  20  cm 
and  modulated  by  5  cm.  The  approach  discussed  in  this  study  is  not  sensitive  enough  to 
measure  a  high  energy  photon  LET. 

Multchannel  Dosimetry: 

This  study  described,  developed  and  tested  new  processing  methods  for  reducing  inaccuracies 
in  absolute  dose  determination  due  to  inhomogeneities  within  the  film  and  from  scanning.  This 
study  found  better  performance  using  optimized  multichannel  following  averaging  of  all  color 
channels.  Combining  the  channel  ratios  in  a  hybrid  approach  also  achieved  high  performance. 
Averaging  the  test  films  reduced  temporal  noise  that  severely  degraded  the  blue  channel.  This 
methodology  avoided  using  cumbersome,  registered  correction  matrices.  Novel  registration  and 
digital  rotation  of  CT  images  enabled  quantitative  testing  and  helped  improve  contact  between 
the  radiochromic  film  and  phantom. 

Organ  Motion: 

Significant  progress  was  made  in  designing  and  constructing  a  dynamic  lung  phantom  for  use  in 
radiation  treatment  verification.  Assessment  and  refinement  of  the  prototype  is  on-going. 

Telemedicine: 

The  overarching  intent  of  the  telemedicine  solution  was  to  1)  keep  the  MTF  providers  involved  in 
the  care  of  their  proton  patients  despite  not  having  the  capability  to  deliver  the  treatment 
modality  on-site  and  2)  minimize  patients’  time  away  from  home  and/or  work  by  taking-on  some 
of  the  functions  otherwise  performed  by  the  proton  treatment  center  (staging,  enrollment,  and 
treatment  planning).  Several  DOD  patients  have  benefitted  from  the  system  already  and  we 
expect  more  will  with  the  opening  of  additional  clinical  trials. 

The  solution  developed  and  deployed  is  a  robust  one  and  could  be  of  great  value  to  satellite 
clinics  seeking  to  remain  active  participants  in  the  delivery  of  care,  despite  the  lack  of  a  highly 
specialized  treatment  modality  on-site.  While  it  was  not  the  intent  of  the  cooperative  agreement, 
we  do  hope  this  powerful  telemedicine  solution  can  also  serve  as  a  tool  to  support  and  improve 
graduate  medical  education  and  virtual  tumor  board,  in  the  Military  Health  System  (MHS)  as 
well  as  on  the  outside. 

Neutron  and  Microdosimetry  of  the  Proton  Beam: 


103 


The  goal  of  this  portion  of  phase  IV  was  to  develop  and  implement  radiation  dose  measurement 
devices  to  characterize  the  secondary  radiation  produced  by  therapeutic  proton  beams  with  the 
overall  goal  of  predicting  and  mitigating  the  adverse  effects  of  secondary  radiation  produced  by 
the  proton  beam.  Two  complete  and  complimentary  dosimetry  systems  were  developed  from 
the  ground  up.  These  systems  are  being  used  to  collect  data  that  is  vital  to  disentangling  the 
role  of  secondary  radiation  on  the  biological  effects  of  proton  therapy. 

Cone  Beam  Computed  Tomography  (CBCT): 

CBCT  is  expected  to  be  an  important  imaging  modality  for  proton  therapy.  The  sensitivity  of  the 
dose  deposition  in  proton  therapy  compared  to  photon  therapy  provides  unique  applications  of 
CBCT  such  as  on  line  proton  range  verification.  The  work  performed  in  the  development  of  the 
CBCT  system  will  guide  the  development  of  future  imaging  technologies  and  enable  the 
precision  of  proton  therapy  to  be  harnessed.  All  the  components  and  subsystems  for  the  CBCT 
system  have  been  completed  and  we  expect  the  CBCT  system  at  the  University  of 
Pennsylvania  to  be  clinically  available  in  2014.  Upon  deployment,  we  expect  an  enhancement  of 
the  accuracy  proton  therapy  system  through  the  use  of  novel  clinical  applications  of  image 
guided  proton  therapy. 

Calypso: 

There  are  several  very  positive  outcomes  from  Phase  IV  of  the  award.  The  Calypso  System  for 
target  localization  and  real-time  tracking  has  been  developed  for  use  in  proton  therapy.  The 
system  will  permit  more  rapid  localization  and  bring  real-time  tracking  capabilities  to  proton 
therapy  for  the  treatment  of  disease  sites  complicated  by  respiratory  motion  in  particular.  Varian 
Medical  Systems  is  now  pursuing  FDA  approval  for  the  use  of  the  Calypso  System  for  proton 
therapy. 

We  have  determined  the  level  of  dose  shadow  downstream  of  Calypso  Beacon  transponders  in 
the  proton  beam  by  measurements  and  simulation.  The  dependence  of  the  shadow  on  implant 
position  relative  to  the  proton  Bragg  peak  has  been  determined  and  was  published  (Dolney  et  al 
2013).  In  that  publication,  we  describe  some  treatment  planning  strategies  and  approaches  to 
minimize  the  level  of  dose  shadow.  Specific  strategies  will  depend  on  disease  sites  and  the 
local  anatomy  and  approaches  will  be  further  developed  in  future  studies. 

A  patient  study  is  now  underway  to  determine  the  accuracy  of  localization  with  the  Calypso 
system  in  vivo.  We  expect  the  system  to  perform  at  least  as  well  as  orthogonal  kV  imaging  and 
will  represent  an  opportunity  to  spare  patients  the  additional  ionizing  radiation  of  daily  setup 
imaging  and  to  increase  throughput  in  the  proton  treatment  rooms.  Our  first  Calypso/imaging 
patient  showed  favorable  results  that  justify  this  claim. 

Radiobiology: 

We  have  determined  that  the  inter-experimental  variability  of  radiosensitivity  profile  measure  is 
less  than  the  variability  in  intrinsic  radiosensitivity  for  3  head  and  neck  cancer  cell  lines. 
Additionally,  we  have  determined  that  contrary  to  our  previously  stated  hypothesis,  these  highly 
radioresistant  cells  do  not  display  a  dramatic  difference  in  radiosensitivity  for  the  plateau  vs  mid- 
SOBP  portions  of  the  proton  depth  dose  distribution. 

Positron  Emission  Tomography  (PET)  of  proton  beams  to  verify  dose  deposition: 

A  prototype  PET  detector  has  been  developed  and  tested  for  use  to  verify  dose  deposition  from 
proton  therapy.  Further  testing  and  validation  is  required  prior  to  clinical  implementation.  In  the 
meantime,  a  clinical  pilot  study  of  PET  activation  as  a  means  of  quality  assurance  for  proton 
beam  radiotherapy  is  ongoing  and  accruing  patients,  utilizing  a  standard  PET/CT  scanner 
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located  in  the  Roberts  Proton  Therapy,  with  preliminary  results  verifying  that  proton  dose 
deposition  as  measured  reflects  that  calculated  from  the  treatment  planning  system. 

Proton  Beam  Allocation  Project: 

We  have  developed  a  prototype  beam  allocation  application,  with  simulation  studies  focused  on 
investigating  the  performance  of  the  beam  allocation  algorithms  under  stochastic  durations  of 
preparation  and  field  times,  and  studying  the  infuence  of  different  patient  sequencing  schemes 
on  throughput  performance.  Clinical  implementation  will  require  software  upgrades  to  be 
installed  by  the  proton  therapy  vendor  (IBA),  scheduled  for  March  2014,  which  will  increase  the 
efficiency  of  beam  delivery,  beam  switching  and  beam  layering.  Once  the  commercial  software 
upgrade  that  is  required  for  continued  patient  care  is  completed,  the  prototype  beam  allocation 
application  will  be  tested  in  a  clinical  format. 
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L  INTRODUCTION 

Experimental  verification  of  the  external  beam  therapy  qIcii- 
lauoiw  that  account  for heterogeneities  within  the  trest- 
mcRl  volume  requires  accurate  and  robust  detectors  over  the 
relevant  areas,  Rudkichromk:  him  darkens  upon  exposure  id 
radiation  without  further  film  processing.1  Rad ioc bromic  me 
dium  with  its  high  spatial  resolution  and  in  depend  era 
response  in  energy  and  particle  type-  and  tksuc  equivalence 
can  k  a  candidate  a*  a  two  dimensional  dosimeter  I  nr  (his 
application.  "*  The  high  spatial  resolution  and  sensitivity  over 
extended  spatial  areas  should  provide  an  experimental  plat¬ 
form  for  examining  dose  distribution  perturbation  due  in 
usjbc  hctcroyneity.  The  radiochroiroc  film  sure  tissue  equiv¬ 
alent  further  ptmadug  themselves  av  dosimetry  mnicnah, 
The  EBT2  film'  with  the  yellow  marker  dye  was  developed 
to  reduce  the  spatial  heterogeneity-  due  to  manufacturing 
found  in  earlier  visions  of  radioclToniii:  ii  Im. 

There  are  technical  issue*  and  challenge*  that  must  he 
ad  dressed  and  re  solved  prov  lu  their  application  for  dosi¬ 
metry  over  extended  spatial  areas,  First+  a  n ember  of 
researchers"  J 1  have  been  coneemed  about  the  unifonnity  of 
dose  responses  til  the  rod  kk  bromic  film  due  to  van  a  We 
thickness  ^composition  generated  by  the  manufacturing  prn- 
cess.  including  the  newer  rilm  such  as  EBT  tuid  EBT2.  In 
addition,  spatially  varying  ilhiminatiDn  of  the  exposed  EBT2 
film  during  scanning  to  digitize  the  him  contributes  to  the  in* 
homogeneous  dose  calculation. 

The  recent  advent  of  F3T2  mdiochromic  lilm  bis 
spawned  a  number  of  articles  examining  the  new  film's 
properties  and  procedures  for  achieving  optimal  dosimetry. 
Digit  izaiim  of  the  radio  chromic  rilm  through  scanning  with 
a  flatbed  scanner  and  exploiting  a  i  ability  to  extract  individ¬ 
ual  tutor  components  for  the  imagery  wus  examined  some 
time  ago'  M  and  has  become  a  standard  procedure,'4  15 
Common  mode  rejection  !  taking  the  ratio  of  images  from 
two  different  color  channels)  was  employed  to  buck  out  the 
effect  of  thickncxs/eomposilwn  van&ttons.  tn  particular, 
Ohuchia  used  the  red  and  green  etanneU,  The  manufacturer 
recommends  using  red  and  the  relatively  insensitive  blue 
channels  and  these  ratios  were  studied  by  Pawlicki  el  al* 
and  Alami  ft  a//  Pawlicki  ft  al*  found  that  taking  the  ratio 
of  red  hi  blue  was  essential  hui  conflicted  with  Alami  ti  al K 
who  found  ihoi  using  the  red  channel  achieved  better  results 
than  using  the  ratio  of  red  to  Wue  channels.  Andies  el  al!' 
found  that  optimal  dosimetry  choke  of  red  or  green  channels 
wo*  flow?  dependent.  MeCaw  ft  tjl  found  some  improve 
mem  but  also  some  dcgr&daitrft  tang  red  to  Hue  ralM  w 
extract  the  dose  from  EBT2  film,  spending  on  the  analysis 
method  Dcvic  et  a/.H  extended  Lhe  rai^tc  of  the  dosimetry  by 
stitching  the  dose  from  the  red  channel  fer  low  dose,  green 
for  intermediate  dose,  and  Hue  for  higher  doses,  Devic  did 
not  use  rain  is  of  channels  to  extend  the  dose  range  and  also 
minimize  dusc  heterogeneity  issue*, 

Spatially  mhamogc neons  ifiuminadon  for  scanning  the 
exposed  him  con  also  significantly  degrade  dosimetric  accu¬ 
racy.  especially  war  the  edges  at  the  scan,  This  error  i*  com 
potndol  by  the  level  of  dew  expire.  Kaim  ft  a\  J 
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corrected  the  spatial  heterogeneity  by  using  span  ally  regis¬ 
tered.  unexposed  film  and  used  the  rod  channel  but  only 
employed  comparison  of  dose  profiles,  not  gamma  analysis. 
Ridilcy  ft  r if1"  focused  on  mitigating  scanner  light  scatter 
mg.  Huttiuum  cr  it/,11  u*cd  the  red  channel  lo  examine  dnsc 
heterogeneity  among  cut  up  slices  of  EBT2  film.  Dtvie 
et  a/.1*1  characterized  the  scanner  in  homogeneity  and  its 
effect  on  dose  distribution  Fiandra  rr  <tll  and  Sauer  and 
Frengen111  both  provided  u  nimtion  matrix  for  lhe  scanner 
tnhomugeneity  using  the  red  channel  and  they  abn  inurprv 
rated  dose  levels  into  their  corecetio ns. 

To  simultaneously  and  autonomously  handle  film  imper¬ 
fections  and  scanivr  illumination  in  homogeneity .  Miekc 
ft  id 14  suggested  a  muluthomiel  approach  and  found  sjpiili- 
cartt  improvements  relative  in  employing  a  single  red  chan¬ 
nel  approach.  The  muhichanncl  approach  uses  all  three 
channels  [red.  green,  and  blue)  to  extract  a  single  dose  for 
each  pixel,  MieLe  ft  $I  l  demonstrated  signifieara  allevia¬ 
tion  of  the  spatial  inhunugenefty  issues.  However,  no  equa¬ 
tions  were  explicitly  slated  lor  the  corrected  dose  a  each 
pixel  using  the  multichannel  approach.  It  was  not  even  clear 
whether  an  iterative  search  might  have  been  employed  to 
scorch  for  an  optimal  solution,  Direct  companion  with 
Miekc  ft  ai  was  ihcrefre-e  difficult  and  at  best  surmised. 

This  paper  examined  and  resdved  each  of  tlirsc  technical 
issues  by  systematically  exploring  a  number  cf  different  do¬ 
simetry  procedures  far  reducing  the  thickness  cun  position 
variations  within  the  EBT2  rad  inch  romic  fihn.  Specifically 
ibis  study  examined  ihc  rdulivc  bene  lit*  of  using  the  various 
color  channels  [red.  green,  and  blue)  or  com  tarnations  of 
ratios  of  channels  nut  previously  studied.  Gamma  analysis 
provided  the  quantitative  discriminator  among  lhe  various 
single,  dual,  and  in|ic  dianneJ*  methods  for  cakulatng  dose 
distributions  relative  in  the  d aw  distribution  calculated  from 
the  treatment  plan. 

11  METHODS 

The  overall  methodology  is  summarized  by  the  Nock  dw 
gram  shown  in  Fig.  I.  The  goal  was  to  analyze  lhe  J?  so  lute 
dose  distribution  deposited  by  a  fi  MV  phatofi  beam  I  field 
size  is  10  x  10  cm  at  Lhe  isocenter)  from  a  Varian  2100  linear 
accelerator  tlinacl  direclcd  piffallcl  to  an  EBT2  film  sand¬ 
wiched  between  dtfis  uf  ^did  watff™.  The  phaninm  was 
positioned  at  100  cm  source  to  surface  distance  (S,SD  and 
200  cGy  was  delivered  to  dmax.  The  throe  sets  of  images 
(CT.  ECLIPSE  treat ment  planner,  mdiochrouuc  fikn  h  must 
be  compatibly  manipulated,  The  CT  image  *el  wu*  treated  as 
the  "base"  image  because  lhe  trcatmail  plan  used  and  was 
fixed  to  the  CT  image.  The  Varian  ECLIPSE  plan  and  the 
measured  dose  distribution  derived  From  the  radiochromie 
film  were  translated  anJ  rotated  to  match  reference  paints  or 
fiducial  points  (Spec  D-Mark  i  within  the  CT  image  The  spa¬ 
tial  resolution  [40  dots  per  inch  of  dpi)  w^  set  by  the 
ECLIPSE  treatment  plan  and  the  CT  was  resanpled  and  the 
radiochromie  film  was  scanned  at  the  same  spatial  resolution 

Gamma  analyst*  ccunpires  the  dose  distnbunon  from  a 
Mandat'd  such  as  a  plan  In  the  dtwe  distrihiEitm  fortti  the  test 
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I.  INTRODUCTION 

Ex  pertinent  ul  verification  of  the  external  beam  therapy  cakti- 
larions  that  account  fur  tissue  heterogeneities  within  the  treat¬ 
ment  volume  requires,  accurate  and  robust  dciectcrs  over  die 
relevant  areas.  Rad  ioe  bromic  him  darkens  upon  exposure  to 
radiation  wilhmu  fun  her  libn  processing1  Radiuchromic  me¬ 
dium  with  its  high  spatial  resolution  and  independent 
response  to  energy  and  particle  type,  and  tissue  equivalence 
can  he  a  candidate  as  a  two  dimensional  dosimeter  for  this 
application.1  The  high  spatial  resolution  and  sensitivity  over 
extended  spatial  areas  should  provide  an  experimental  plat¬ 
form  for  examining  dose  distribution  pertinbulinn  due  to 
tissue  hetcrogc icily. The  radjodiromic  films  are  tissue  equiv¬ 
alent  further  promoting  themselves  as  dosimetry  m aerials. 
The  EBT2  hlnr  with  the  yellow  marker  dye  was  developed 
to  reduce  llte  sftiiial  heterogeneity  1 "  due  to  manufacturing 
Pound  in  earlier  versions  of  radrorframK  film. 

There  are  technical  issues  and  challenges  that  most  he 
addressed  anJ  resolved  poor  to  their  application  For  dosi¬ 
metry'  over  extended  spatial  areas.  Firsts  a  number  of 
revcarehcfN1  1 1  have  been  cxtcicmted  about  the  uniformity  of 
dose  responses  nf  the  radmehromic  film  due  in  variable 
thkk ness  composition  generated  by  the  manufacturing  pro¬ 
cess.  including  the  newer  him  such  as  EBT  and  EBT2.  In 
addition,  spatially  varying  illumination  of  the  exposed  EBT2 
film  during  scanning  to  digib  re  the  film  ecfitrihutex  to  the  m- 
homogenoous  dose  calculation. 

The  recent  advent  of  EBT 2  radiochromic  film  has 
spawned  a  number  of  articles  examining  the  new  film1! 
properties  and  procedures  for  achieving  optimal  dosimetry. 
Digit urut inn  of  the  rudioc bromic  film  through  scanning  with 
a  flatbed  scanner  and  exploiting  its  ability  to  extract  individ¬ 
ual  color  components  for  the  imagery  was  examined  some 
tune  ago1’1  and  has  become  a  standard  procedure.1 11  * 
Common  mode  rejection  (taking  the  ratio  of  images  from 
two  different  color  channels \  was  employed  lo  buck  nui  the 
effect  of  thickness  composition  variations,  in  particular, 
Ohuchia  used  the  red  and  «g:een  channels.  The  manufacturer 
recommends  using  red  and  the  relatively  insCfferitive  blue 
channels  and  these  ratios  were  studied  by  Pawlicki  et  al? 
and  Aland  et  aLs  Pawiicfci  ft  af ,J  found  that  taking  the  ratio 
of  red  to  blue  was  essential  hut  conflicted  with  Alami  etaj. 
who  found  that  using  Lbc  red  channel  achieved  better  results 
than  using  the  ratio  of  red  to  blue  channels.  Andres  et  ul? 
found  that  optimal  dosimetry'  choice  of  red  or  green  channels 
was  dose  dependent.  McCaw  ft  af?  found  some  improve 
mere  but  also  some  degradation  using  red  to  blue  ratio  to 
extract  the  dose  from  EBT2  film,  depending  un  the  analysis 
method  Devre  ef  at?  extended  the  rat^e  of  the  dosimetry'  by 
stitching  the  dose  bum  the  red  channel  for  low  dose,  green 
for  intermediate  dose,  and  blue  for  highff  doses.  Devic  did 
not  use  ratios  of  channels  to  extend  the  dose  range  and  also 
minimize  dose  heterogeneity  Issues. 

Spatially  tnhvxitogcncotiv  i II utru nation  for  scanning  the 
exposed  film  can  also  significumly  degrade  dosimetric  accu¬ 
racy.  especially  near  the  edges  nf  the  scare  This  error  is  com¬ 
pounded  by  the  level  of  dose  exposure.  Kaim  et  al? 
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corrected  the  spatial  heterogeneity  by  using  spatially  regis¬ 
tered,  un  exposed  film  and  used  the  led  channel  but  only 
employed  comparison  of  dose  profiles,  noi  gamma  analysis. 
Richley  ft  focused  nn  mitigating  wanner  light  vcatler- 
ing  Hartmann  ef  used  the  red  channel  to  examine  dose 
heterogeneity  among  cul  up  slices  of  EBT 2  film.  Dcvic 
et  dl?*  characterized  the  scanner  in  homogeneity  and  its 
effect  on  dose  distribution.  Fiandra  et  al?  and  Salter  and 
Frcngcn"1  both  provided  a  correction  matrix  Tor  the  scanner 
inhnmageneitv  using  the  red  channel  and  they  also  incorpo¬ 
rated  dose  levels  into  their  corrections. 

To  simultaneously  and  uuioimmously  handle  film  imper¬ 
fections  and  scanner  illumination  in  homogeneity,  Mickc 
ctaf?*  suggested  a  multichannel  approach  and  found  sigrufi- 
cart  improvements  relative  lo  employing  a  single  red  chan¬ 
nel  approach.  The  multichannel  approach  uses  all  three 
chreincls  (red,  green,  and  blue!  to  extract  a  single  dose  for 
each  pixel  Micke  el  at?1*  demonstrated  significant  allevia¬ 
tion  of  the  spatial  m  homogeneity  issues.  However,  no  equa¬ 
tions  were  explicitly  stated  for  the  corrected  dose  :a  each 
pixel  using  the  mu  In  channel  approach,  li  was  not  even  clear 
whether  an  iterative  search  might  have  been  employed  to 
search  for  an  optimal  solution,  Direct  comparison  with 
Mkrke  et  af,  w  as  therefore  difficult  and  at  best  surmised. 

This  paper  examined  and  resolved  each  of  these  technical 
issues  by  systematically  c  split  mg  a  number  of  different  do¬ 
simetry  procedure*  for  reducing  the  t hie knes.s  composition 
variations  within  the  EBT2  radinc  bromic  film.  Specifically 
this  study  examined  the  relative  benefits  of  using  the  various 
color  charnels  [red,  green,  an!  blue  i  or  combinations  of 
ratios  of  channel*  nut  previously  studied.  Gamma  analysis 
provided  the  quantitative  discriminator  among  the  various 
single,  dual  and  triple  channels  methods  fer  calculating  dose 
distributions  relative  to  the  dose  distribution  calculated  (tom 
the  treatment  plan. 

II.  METHODS 

The  ovtrall  methodology  k  summarized  by  the  block  dia¬ 
gram  shown  in  Fig.  L  The  goal  was  to  analyze  the  absolute 
dost  dtst  n  but  ion  deposited  by  a  6  MV  photon  beam  i  field 
si?e  is  10-10  cm  at  the  isesmter)  from  a  Varian  2100  linear 
accelerator  (linacl  directed  parallel  to  an  EBT2  film  sand¬ 
wiched  between  slabs  of  solid  water iM.  The  phantom  w  as 
pos.it toned  at  100  cm  source  to  surface  di stance  ( SSD )  and 
200  cGy  was  delivered  to  dmu.  The  three  sets  nf  images 
(CT,  EQJTSB  treatment  plainer,  radincbramic  hlm>  must 
be  compatibly  manipulated.  The  CT  image  set  was  treated  as 
the  ‘"base"  image  because  the  treatment  pkin  used  and  W  as 
fixed  to  the  CT  image.  The  Vartan  ECLIPSE  plan  and  the 
measured  dose  distribution  derived  from  the  radiuchromic 
film  were  transited  and  rotated  to  match  reference  points  or 
fiducial  points  1  Spec -D-Mark  i  within  the  CT  image.  The  spa¬ 
tial  resolution  {40  dots  per  inch  or  tipi >  Wa*  set  by  the 
ECLIPSE  treatment  plan  uttd  the  CT  was  resampled  and  the 
radioc  bromic  film  was  scanned  at  the  same  spatial  resolution. 

Gamma  analysis  compares  the  dose  distribution  from  a 
standard  such  as  a  plan  to  the  dose  distribution  form  the  test 
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distribution  Gamma  analysis  (Set;.  U  H 1  requires  aipui  from 
registered  dtwc  distribution  from  the  ECLIPSE  treatment 
planning  system  and  the  dose  extracted  from  I  he  radinelro 
mic  films.  In  addition,  this  study,  unlike  many,  applies  the 
gamma  analysis  to  selected  regions  such  as  regions  of  low 
scattered  dose,  plateau  of  high  dose,  and  beam  edges.  Such 
an  approach  requires  input  of  appropriate  area*  such  as 
regioret  of  interest  (shown  in  Fig.  I i.  In  addition  the  soft¬ 
ware  development  permits  input  of  regions  of  interest  form 
ti.ssues  in  the  CT.  also  shown  in  Fig.  1 . 

All  cite  tom  software  devebptnent  regarding  registmnoti 
and  algorithms  for  converting  expand  images  to  dose  distri¬ 
butions  was  developed  using  the  Interactive  Development 
Language  tlDL). 

II- A_  CT  rotation 

The  analysis  from  exposing  film  and/or  raiSnchreifn k  film 
is  often  problematic  due  to  possible  presence  of  small  air 
gaps  between  the  lilm  and  the  solid  phantom.  The  phantom 
was  scanned  in  the  CT  in  the  transverse  trie  mat  ion 
[Fig.  mi  that  the  weight  of  the  phantom  was  pressed 


onto  the  rudiochromic  film,  In  this  configuration,  additional 
weight  was  added  if  needed  to  further  reduce  air  gaps.  The 
treatment  (able  supported  and  remained  in  comae  I  with  the 
flat  part  of  the  phantom,  a  configuration  that  is  not  available 
for  humans.  The  entire  phantom  Was  scanned  w  ith  spatial  re¬ 
solution  of  27.1  dpi,  not  jisA  the  expected  treatment  area 
because  all  CT  slices  (2  mm  spacing!  were  u«d  10  recon¬ 
struct  the  image  of  the  phantom  in  an  orthogonal  direction. 
Nearest  neighbor  averaging  was  used  Id  hD  in  the  regions 
between  the  slices.  The  reconstructed  and  rotated  CT  [coronal 
orientation,  see  Fig.  2(b)]  Was  resampled,  again  using  nearest 
neighbor  averaging  so  that  the  CT  had  a  spuiwl  resolutkin  of 
40  dots  per  inch,  matching  the  ECLIPSE  treatment  plan  dose 
distribution  and  the  seamed  radiochrotnic  him  image.  CT 
skin  markers  placed  at  known  distances  were  used  Lu  Lest  the 
fidelity  of  the  resampling  and  rotation  process  and  Ibund  to 
be  ace  trine  to  within  less  than  a  pixel  (<Dr64  mm}.  The 
rot  tied  CT  was  expanded  tto  1000  s  1000  pixels)  Id  accom¬ 
modate  the  ECLIPSE  plan  which  had  a  treatment  istxrenlrr 
placed  in  the  center  of  the  image.  Marked  tapes  denoting  the 
CT  marker  petitions  were  also  placed  un  the  phantom  and 
were  used  10  tibgn  the  phantom  during  radiitfjon  exposure. 


Fn,  2  uu  Sc  la  urd  lime*  dice*  (not  of  M51  of  Wid 
p+unl-inn  m  tmr.sscpw:  orien  Lalicwk.  CT  eJeui  markrr^ 
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Fi|,  1  \b  J,  (hi  RclJUoi  im  Of  C  fcoremi  1  ctf  so  lid  phjntjim. 
Only  un^te  ilkze  uf  pkne  abutlinis:  pb*:  ancnl  of  mdiD- 
rhfiiink  titm  for  ihU  stilly  la 


a. 


b. 


Medical  Phytic*,  vol.  3ft  No  4  April  2012 


118 


2i5<f  Mayor  at.  Enhanced  dosimetry  prated we  ftascgfimont  lor  EBT2  r«J  loch  ramie  modt* 


2150 


(I.B.  Scanning 

The  exposed  ladiochremic  film  was  scanned.  similar  to 
earlier  studies/-  |f1  with  a  CanoScai  LiDE  700F  flatbed 
scanner  in  reflection  tnode  using  4K  bit  digital  resolution  to 
digitize  the  throe  color  channel  [Red.  Green.  arid  Blue  tat  a 
spatial  resolution  of  40  dpi  to  cm  form  to  the  ECLIPSE  treat 
mere  planning  system.  All  correction  options  were  turned 
off.  The  orientation  of  the  film  was  noted-  with  a  small  cut 
in  the  upper  right  hand  comer.  AO  radiochrctnic  Aim  welt 
positioned  identic ally  on  the  flatted  scanner,  alter  noting  the 
one  mat  im  of  the  film.  The  lot  number  For  the  exposed 
EBTI1  was  A1J05H*02A.  Radirchmmic  film  was  scanned 
approximately  24  b  after  exposure.  The  EBT2  film  arc 
particularly  insensitive  to  visible  light"  but  care  is  taken  to 
minimise  exposure  to  visible  light.  The  radtochromic  film 
gray -levels  were  converted  to  dose  using  calibration  films. 
Smaller  film  (roughly  10  x  123  cm)  were  exposed  to  0,  25* 
50,  100,  150.  200.  250,  and  300  eGy  placed  perpendicular  to 
the  beam  (10x10  cm  field*  sandwiched  between  solid 
water™  slabs.  In  this  configuration.  the  monitor  units 
equaled  the  dose  in  eGy  and  simplified  the  colforiifon  proce¬ 
dure  following  procedures  outlined  in  the.  report  of  Task 
Grump  21.  The  10  *  10  etn  Held  exposed  the  solid  water1  M 
phantom  positioned  at  1 00  cm  source  to  axis  distance  and 
the  film  placed  at  dmax  ( 13  cm)*  perpendicular  to  the  f>  MV 
photon  beam  frran  the  Variai  2100  machine. 

The  calibratim  films  were  scanned.  An  average  gray ■ 
level  was  computed  for  each  red.  green,  and  blue  (R.G.B) 
channel  using  the  central  regkvi  (2x2  cm  or  roughly  HKXJ 
pixels  1  conforming  to  the  meal  uniform  dose.  A  look  up  ta¬ 
ble  tl-UT)  erm posed  of  the  average  gmy-levrl  l  or  ratio  of 
gray-levels  )  for  each  color  channel  was  correlated  wtth  dose. 
The  lines  connecting  the  solid  symbols  in  Fig.  3  graphically 
show's  the  dose  versus  average  detected  intensity  in  the  LUT 
for  the  red.  green,  and  blue  channels.  However,  each  pixel 
within  th?  array  may  not  confirm  to  the  average  pixel  due  to 


Dose  Calibration 


h'rcL  3.  CxiiitTiitHwi  Cut  anvoline  gny-lewk  lu  dnwr  for  red  U-quin?  i ,  5  ice  n 
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differences  in  scanner  illumination.  So  the  dose  extrapolated 
for  the  R  G  B  channel  (DR,Dr^  DnX  respectively,  may  differ 
from  each  other  due  Its  varying  response  for  a  given  penur- 
batiort  The  multichannel  approach  autonomously  projected 
a  correct  bn  to  an  ex  pected  comm  on  dose  D  hosed  on  the 
individual  slopes  and  response  of  each  channel. 

The  Lest  profile  distribution  was  converted  Lo  dose 
through  interpolating  the  LUT  17  Globally  ihe  dose  gray 
level  functions  arc  nonlinear  Qvar  small  stretches  of  dose 
and  gray-levels.  the  calibration  was  essentially  linear.  In 
addition,  using  relatively  low  doses  (<3(MJ  eGy)  limits  the 
dcjffee  of  nonlinearity  of  the  LIT  for  EBT2.  Higher  do^cs 
beyond  those  used  in  this  siutly  will  require  a  mere  refined 
calibration  table  to  ensure  linearity  over  the  ■unull  dose  and 
gray  level  intervals  aid  possible  higher  order  corrections 
beyond  the  first  Taytar  series  approximation  [Eq.  fl2)|  for  the 
multichannel  algorithm. 

This  study  icsieti  various  schemes  for  converting  gray- 
levels  to  reduce  the  effects  of  the  heterogeneity.  These  proc¬ 
esses  are  applied  to  the  calibration  imagery  (for  a  new  LUT) 
and  tie  lest  dose  distribution.  The  manufacturer"  recom¬ 
mends  for  individual  pixels  located  at  coordinate  ij  |in  the 
htri/ontaL  vertical  direction,  respectively),  taking  the  rilio 
of  the  red  channel  Hit  j  )  in  the  Hue  channel  B(ij)  from  scan¬ 
ning  the  film  with  a  flatbed  scanner.  Using  the  Beer-Lambert 
Law.  the  gray- levels  arc  normalized  by  the  unatteimiaLcd. 
const  ant  light  source  /n  from  the  flatbed  scanner  unJ  the  ratio 
of  the  logarithms  are  computed  nr 


A  similar  ratio  Green  to  Blue  ratio  was  computed  using  the 
green  chremcL 

Taking  the  ratio  of  the  channel  that  is  most  sensitive  to 
composition /exposure  to  one  that  is  relatively  independent 
of  exposure  but  experienced  the  same  dependence  on  thick- 
ness /composition  to  help  snppiea&  rhidcnes/canposiiKin 
variations-  Ll  of  the  film.  In  practice  the  blue  charnel 
response  weakly  depends  on  radiation  exposure.  This  study 
generated  dose  distributions  Using  the  red  channel  RiiJ) 
alone,  green  channel  GitJ)  alone,  ratios  of  the  red  In  Hue 
charnel  and  green  to  blue  channel  and  hybrid  version  that 
combined  the  green  to  blue  ratio  for  higher  doses  I  above 
HOeGy  or  0.20  optical  density  and  was  likely  scanner  spe¬ 
cific)  ID  the  red  to  blue  ratio  fur  lower  doses. 

II. C,  New  multichannel  approaches 

.Another  approach  employed  all  three  color  channels  to 
autonomously  correct  for  focal  tMlinuugainjuAip*iiaJ  disrri - 
hurinn  in  film  thickness  and  wanner.  This  version  of  the 
mu  Inch  Lionel  ap  [roach  independently  varied  the  dnsc  D  and 
disturbance  A  lor  channel -independent  perturbation,  see 
Eqs.  (2)  and  l7l  Lu  scotch  for  the  optimal  dose  at  each  pixel. 
This  study  pmptv^d  and  found  an  equation  Ft  the  corrected 
dose,  Therefore,  ihe  optimized  dose  wra.s  quickly  computed 
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at  each  pixel  The  goo]  was  lo  I  End  o  common  and  expected 
dn sc  D  derived  from  c v u ac t od  red.  green,  anti  Nut  channel 
doses.  The  algorithm  applied  a  first  cider  Taylor  expansion 
to  die  dose  doe  [□  a  small  perturbation  (Mime  for  all  chan¬ 
nels!  and  minimized  the  cost  function  difference  dn ij) 

[Eq  (2>|  between  the  proyccted 


*(A(i  J),D(r  J) )  =  Y,  (°*  (fJl  +  Mi.jW-j) 

fc=  I 

-D(/,/))2.  12) 


dose  £>*(//)  +  a*frji  Wj)  for  each  color  charnel  A-  (red. 
Siren,  blue!  relative  |o  the  projected  dose  D.  Dj/y)  wax  the 
dose  directly  Jenved  from  die  LLTT  for  each  color  [Le_, 
GUJ),  and  B(iJ)  for  the  red.  green,  and  blue  channels, 
respectively!.  *1*1  iji  wax  the  derivative 

=  P) 

rJr* 

of  the  LIT  for  the  £th  channel  tsec  Fig,  3),  and  Aft/}  &  the 
local  perturbation  i illumination.  thickness)  that  affected  all 
channels,  and  lt  was  die  intensity  fn  a  given  channel,  i.e., 
[tfU/ftCri/k  Interpolation  Was  required  lo  accurately 

determine  the  slopes  or  DUJ)  was  the  corrected  dose 

generated  from  solving  the  simultaneous  partial  differential 


equations 

14) 

rM> 
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and  resulted  in  the  optimized  dose  D  at  pixd  location  r / 
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The  appropriate  correct ten  or  "'dix&rrtaonce  map"  ai  each 
point  was 
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and  RSl ij)  ranged  from  0<RS<l,  If  RSti/)  was  suffi¬ 
ciently  small,  then  a  valuable  approximation  for  ihe  cor¬ 
rected  dnse  D(iJ)  w'as 

1 10) 

F,RT2  film  was  sandwthed  between  slabs  of  solid  water™ 
and  exposed  to  (i  MV  photon  beam.  Figure  44  a)  shows  the 
rotated  I  by  90 >  unrorrceted  distribution  from  the  single  red 
channel.  Figure  4(h)  shows  the  optimized  multichannel  cor¬ 
rected  dose  distribution  DuJ}  [Eq,  fro].  Figure  4{ci  shows 
ihe  disturbance  distribution  A(f/|  [F q.  [Til  rotiitcd  hy  90", 
Note  the  stripes  from  thickness  variations  in  the  film  in  Fig. 
-ha)  and  are  also  seen  m  Fig.  4(c  >.  Figure  4{d  l  shows  the  re¬ 
sidual  error  m  dose  [Eq-  (2)|. 

II  D.  Previous  mu  Hi  channel  efforts 

Micke  ft  nl.19  recently  suggested,  tested,  and  broadly  mn- 
lined  a  multichannel  approach  for  correcting  the  inhomnge- 
ncitics  in  Lhe  dosimetry  process.  The  Micke  et  cost 
function  differed  from  the  multichannel  process  described  in 
Eq,  1 2 1.  Following  lire  approuch  of  Micke  ft  dft,  the  cost 
func  mm  was 

% 

acf./l  -'^T(D*(£S) 

+o_{i,»A(y,/)))i.  (11) 


Due  to  Lhe  different  cost  function,  Micke  ft  ai  generated 
and  applied  a  different  disturbance  ftsrtor  than  used  in 
Eq,  i  i  Ik  Micke  et  al.  also  applied  his  analysis  tn  the  fitted 
optical  density  calibration,  not  Lo  the  raw  gray  level  cali¬ 
bration  described  ki  this  study.  For  the  Micke  et  uL 
approach,  only  single  derivative  with  respect  to  A  might 
have  been  applied  in  Eq.  Ill)  (but  not  two  derivatives  as  in 
Eqs,  (4)  and  (5) 


1 12) 


The  resulting  shift  A(rj)  might  have  been 


E  (0,(1  j)  -£)„(/j))(ui(/j) 

=  - ; - - - ■-  >13) 

*?*r 


In  this  formula!  urn.  each  channel  mighi  have  been  treated 
equally  and  correcK’d  using  the  procedure  outlined  above, 
Le+ 


I  3 

Of  U)  -  +  ai(ij)A(iJ)).  ( 14) 

-  4-1 

The  dose  D  might  he  genenited  by  insen ing  the  computed 
shift  A  fEq.  (13)1  into  the  etneeted  average  mulhchtinnel 
dose  [Eq,  F 14 if  Thus  approach  generated  an  identical  dose 
distnbuDon  as  that  dcn\Td  from  Eq.  (6),  aJLhough  generated 
in  a  very'  different  manner. 
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En.  4  il  l  fenLabed  I  tn  cX.i  i  dnuc  dL-inbutHWi  uunr  rod. 
channel  itu  Cmtciai  dt«nr  itnjfihutinn  D{lji  (%  W  ij 
■using  the  npiimizdd  approach,  4 c i  Shows  the  ilinurtv 
iirtc  ilL'Jj  ibuliii  n  Al  y  i  [Eq.  ^  7|J  milled  by  '*i  Nulc- 
ihc  «tripa  due  in  tine  Jen  evi  i tri-turn^  uii  R?uJii«l 
error  in  dose  1  Fg  4  j 


li.E  Summery  of  dose  determination  algorithms 

The  list  of  convention  of  ^-ay-level  processing  algorithms 
is  summarized  in  Table  L  The  table  displays,  names,  a  shun 
description,  and  its  usodaffled  equation. 

II. F.  Registration 

Companng  experimentally  deter  mined:  dose  distributions 
with  the  corresponding  calculated  treat  me  nl  plan  required 
precise  registration  between  (he  two  set*  of  images,  The 
solid  water™  was  placed  on  the  CT  imaging  and  treatment 
table  in  a  configuration  convenient  Ibr  placing  CT  markers. 
These  markers  were  used  fur  registering  the  CT  to  both  the 
treatment  plan  and  the  detected  radiation  dose  distribution 
from  the  radindiremic  film  The  CT  images  were  digitally 
rotated  for  convenient  volumetric  contouring  fer  dose  area 
histograms  anti  gamma  analyse.  The  rotated  CT  image  was 
resampled  to  match  the  spatial  resolution  of  the  scanned 
dosimetric  distribution  and  treatment  plan.  The  treatment 
plan  was  calculated  using  the  CT  image  in  the  customary 


fashion.  The  treatment  plan  planes  were  iron  slated  through 
tri angulation  of  the  treatment  isoocnlcr  to  the  CT  markers  in 
the  CT  image.  The  radiochramic  film  imagery  was  rotated 
and  translated  to  the  CT  images  using  two  coincided  points 
from  the  CT  skin  markers  in  the  CT  image  and  ‘‘tattoos'* 
marked  on  the  rudtochrumre  him. 

Thu  study  ustd  u  "two-point"  approach  to  translate  and 
rotate  the  ratfinchr^mic  film  to  the  desired  resampled  CT 
slice.  The  common  J  pivot”  point  for  the  CT  and  radiochro- 
mic  film  was  used  to  translate  the  radioctromie  film  and  the 
mdiochrumk  film  image  was  then  rotated  about  the  pivot 
point  The  average  cmr  in  transforming  the  fiducial  points 
(excluding  (he  pivot)  was  1.39  pixels  or  0,883  mm,  On  aver 
age,  a  similar  error  was  expected  for  reansforming  all  points 
within  the  nidnx  hremt  film  image. 

II,  GL  Treatment  plan  procedures 

Thb.  study  used  Var inn’s  ECLIPSE  treatment  planning 
system  to  compute  the  expected  dose  distribution.  The  plan 
computed  the  dose  distribution  i  me  tided  to  deliver  200  cGy 


I  mw.  i  I.  LUft  -of  j£rjy-lci  d  [xtvc  wrap  fVetcripCkmv 
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hti  5  Uh  ii In-™- i  the  Cl  JLhd  lie  area df  iiisc  ctvceJilli  she  J  (Hi  trCiy  i^cnhal  L  do«r  tatweett  15-1  Ofl  eUy  ledgcj.  do*e  tenwrrn  5  Ufcl  I  5  Ctiv  I !  qc  IceVH  k.  !Hbj 
'hri*  Hhc  tnfnkcd.  m-ufled  dose  dunilni Mnfl  dcmwl  fri*n  the  radjochmmss-  feilm,  Rel  Uinrwuhe  FCUP5F  nramtenl  plan. 


to  dmiL\  and  the  phantom  was  positioned  al  100  on  SSD. 
The  ireulincm  plan  was  generated  from  tliu  CT  'scan  id  the 
phantom.  The  cxicrrul  beam  depth  profiles  from  Vaibn 
2100  6  MV  photon  heum  that  characterise  Ik  du«  deposi- 
linn  in  water  were  stored  and  used  to  compute  the  dose  depo¬ 
sit  1m.  The  external  beam  was  checked  on  a  daily,  weekly, 
yearly  timetable  to  ensure  agreement  with  the  current  condi¬ 
tion  of  Ihe  beam  and  the  stored  data.  The  ECLIPSE  plan  gen¬ 
erated  DICOM  image  tiles  for  the  predicted  dose  along 
desired  planes.  The  spatial  resolution  for  the  image  dose  was 
chosen  to  he  40  dpi  eon  form  mg  In  the  resampled  CT  image 
and  scan  of  the  exposed  mdiochruniic  film.  The  ssoccmer  for 
the  plan  Was  placed  at  the  image  center,  by  default.  The  spa¬ 
tial  iRinsformuimn  tit  the  treatment  ptun  simply  meant  it  a  ns - 
Hating  the  isoecntcr.  or  image  center  to  Ihe  isoccntcr  of  the 
CT  scan  that  was;  marked  by  a  CT  marker.  No  rotation  w  as 
applied  to  the  treatment  plan  image. 

All  registered  images  are  shown  itl  Fig.  5.  Figure  5l  al 
shown  the  staled  and  resampled  CT  and  ihe  area  of  do*c 
exceeding  the  M>0  cGy  within  the  treatment  plan  in  tk  central 
area,  the  beam  edge  with  doss  ranging  from  25  to  |00  cGy 
and  scattered  dose  m  the  exterior  (5-  15  eGy).  The  high  dose 
gradients  Were  c* [Tandy  sensitive  to  misregsltatluli  between 
the  plan  and  the  expert  merits.  Figure  5(b)  shows  ik  translated. 
r«t tiled  dose  distribution  derived  from  the  radiochromic  film. 
Hgm  5(c)  shows  the  translated  ECLIPSE  treatment  plan. 


II.  H.  Quantitative  assess  men  I  of  agreement 
between  plan  and  experiment  (gamma  analysis) 

The  various  methods  for  scanning  the  exposed  radiochro- 
mic  film,  gray -Level  conversion  to  dose.  and  dosimetry  pro¬ 
cedures.  were  texted  by  comparing  ihcm  to  the  treat  mem 
pbn  through  gamma  analysis20  "2  Gam  nut  analysis  exam¬ 
ined  the  deviation  of  the  treatment  plan  [considered  to  be  the 
reference  image  I  with  the  experimentally  determined  dose 
distribution  at  the  pixel  level.  The  gamma  analysis  procedure 
generated  u  difference  image  for  tk  registered  set  of  images 
and  computed  a  “docianiT  surface  with  the  geometry  of  n 
three  dimensional  ellipsoid  Calculated  points  that  resided 
within  the  ellipsoid  constitute  good  agreement  between  the 
treatment  pirn  dose  distnbuikm  and  the  experimentally 
derived  dose.  Ccnvcnely.  points  that  appeared  nut  vide  the 
ellipsoid  arc  idaitiricd  as  areas  nf  poor  agreemeni  or  referred 
to  as  “exceedances"  in  this  paper. 

Figure  6{a i  shows  the  gamtna  analysis  display  using  the  Red 
only  prixcsxing.  The  white  puck  -how  gamma  values  ihnl 
exceed  I  and  skm  regions  of  most  rerious  disagreement 
hctwxren  the  plan  and  die  experimai tally  derived  dose  distri- 
ixinon.  Figure  ftb)  shows  exceedances  using  the  optimized 
multichannel  algorithm.  Add  ing  mere  channels  such  as  iheopti- 
tnr/cd  multichannel  algorithms  for  extracting  do n me trv  distri¬ 
butions  reduced  gamma  cxcecdan.cs  from  &G05  to  3 1 lfl  (out  of 
74  31 2  pixels  within  the  region  of  interest!  free  Tabic  0). 


a.  *>- 


Modiesl  Physics.  VM  31  No.  4.  April  2012 


Fn  &  la  I  Shaws  ihc  fKfcdimccs  idepttied  £  whiter 
hit  the  lmituhj  di^ribdicm  1mm  Rf  do  illy  p-ivcy'-inc.. 


122 


2154  Mayer  etal :  Enhanced  dosimetry  procedure  assessment  lot  EBT2  rad  Inch  rqm  It  madia 


2154 


Tails  U.  Gamma  uuJy^B  ftaclim  expectance*!  Ci-J  nl  indofjiuU  and  iciiimiQ.una^  frcco-sing.  rcpnn  ccxidflKHij 
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III  RESULTS 

The  scanning.  data  |N Duelling*  and  phantom  handling 
schemes  were  evaluated  by  cemputing:  the  number  of  pixel* 
within  the  treatment  area  having  gamma  values  exceed  1 
(see  Table  tl|.  The  larger  ihe  number  of  Ltiore  pixels,  the 
pother  the  ug  teen  ten  L  between  the  experimentally  drier- 
mined  dose  an  d  the  t  realm  vm  plan.  For  this  analysis,  the 
ellipsoid  axes  were  prescribed  to  the  standard  3%  of  the 
maximum  dose  or  fi  cGy  C^pncmal  and  3  mm  in  horizon  Lai. 
Vertical  direct  ions  L.rSJiniini;,vFBraiIulJ.  11  this  minimum  gamma 
exceeded  l.  then  the  experiment  was  ruled  to  disagree  with 
the  treatment  plan.  Tabk  H  lists  the  results  of  applying  the 
standard  red  channel,  green  channel,  the  manufacturer’s  rec¬ 
ommendation  for  taking  the  ratio  of  red  to  blue  channels 
[Eq.  i  i  )  |,  ratio  of  green  to  blue  channels  [Eq.  ( I  )|,lhe  hybrid 
of  green  to  blue  ratio  with  the  red  to  blue,  optimized  multi¬ 
channel  [Eq*  C  6 1]  and  averaged  multichannel  algorithm* 
[Eq.  18)].  The  analysis  examined  ihe  entire  area,  high  dose 
regions,  scattered  dose,  and  the  beam  edge.  The  best  agree¬ 
ment  occurred  in  the  relatively  homogenous  dose  regions 
(high  dose,  scattered  d use i  and  was  weak  in  the  high  dnsc 
gradient  and  where  a  high  degree  of  registration  wo* 
required  for  accwate  dose  measurement. 

Although  only  an  approx imarion.  the  average  dose  algo¬ 
rithm  appeared  to  generate  few  exceedances! Title  tl)  reblive 
to  other  algorithms.  Tile  computed  weight  [Eq.  i4*t  Table  lll| 
was  Inw  for  dll  doses  in  thw  siudy,  The  small  values  for  the 
weigh  factor  wt  [Table  ID)  implied  that  the  average  dose 
derived  from  the  three  color  charnels  provided  a  v  alid  approx¬ 
imation  for  the  more  exact  analysis  [Eq.  i. h \ |.  The  blue  channel 
calibration  curve  was  almost  orthogonal  to  the  red  and  green 
channels  for  most  dose  levels  used  in  this  siudy  I  sue  Fig.  31. 


1  Ail  Jl  a  t.  Kclativc  Slope  iRSi  |  Eij  JO  Ij  fur  ihe  ruur*  la  ihroptLimfid 
inolri  channel  jdgarjllim. 


[Xv  radge  iet/YI 

Kr tome  Slope  (It  St 

DO-250 

fiJQC 

251W5O.0 

(Mil  53 

30.0-10(1.0 

0-0012 

E  00.0- 150.0 

00235 

150.0-200.(1 

(LOOMS 

200.0-250.0 

0.0822 

23L0-300.0 

0,206 

Some  general  observations  can  be  inferred  from  Ihe 
gamma  analysis.  Processing  with  the  green  channel  usually 
performed  as  well  or  belter  Lhan  the  red  channel.  Using  the 
blue  channel  required  image  averaging  id  sullickmly  reduce 
the  temporal  noise. 

IV.  SUMMARY  CONCLUSIONS 

The.  study  generated  procedures  and  algorithms  fur  acixi- 
niicly  determining  doses  and  compared  the  treatment  plan 
ning  dnsc  distributions  calculated  from  the  planning  system 
and  measured  from  the  EBT2  radrocfecimic  film.  Specifi¬ 
cally,  this  study  developed  algcrithms  that  handled  issues  of 
thickness  /composition  heterogeneity  Within  the  radnxhro- 
mic  Him  due  in  the  manufacturing  process  on  Juse  disinhu 
lion  and  also  reduced  tb?  effects  of  inhomogeneous 
illumination  during  the  scanning  of  the  EBT2  film.  This 
methodology  avoided  using  cumbersome,  registered  centre - 
Lion  matrices. 

This  study  conceived  and  lesied  ihe  new  hybrid  combina¬ 
tion  of  green  ta  blue  ratio  to  the  red  to  Wue  ratios.  Aim  this 
study  proposed  and  tested  a  multichannel  dose  determination 
algorithm.  Averaging  the  test  image  mitigated  temporal 
noise  m  the  blue  channel  and  the  reduced  noise  is  essential 
for  implement! rig  blue  channels  in  ratio  and  multichannel 
algorithms.  This  study  explicitly  described  ihe  algorithm  and 
found  a  closed  form  [Eq*.  (6)  and  (K)T  Mkkc  et  of, 3 ^  did  not 
explicitly  state  the  corrected  dose  and  disturbance  and  so  it 
was  difficult  to  directly  compare  this  effort  wiih  the  results 
from  Mickc  el  dA,y  Mickr  et  dL  used  a  different  disturbance 
map  und  also  employed  a  fitted  optical  density*  not  the  raw 
gray-levels  to  extract  doses  from  each  channel.  This  study 
also  compared  the  multichannel  algorithms  to  those  using 
two  Channels  ur  channel  ratios,  not  just  to  a  single  channel. 
The  hybrid  combination  of  the  channel  ratios  performed  at  a 
vim  i  tarty  high  accuracy  level.  The  multichannel  average 
[Eq,  (U)l  of  the  recorded  doses  taken  from  each  channel  per¬ 
formed  well  for  this  flatbed  scanner  operating  in  reflection 
mode.  However,  the  high  performance  using  tliz  multichai- 
net  average  may  be  due  to  the  low  Relative  Slope  and  can  be 
attributed  to  the  bhic  channel  calibration  curve  being  almost 
orthogonal  to  the  red  and  green  channels  for  most  dose  levels 
nsed  in  this  stndy. 

This  study  employed  gamma  analysis  to  compare  proc¬ 
essing  schemes  for  measuring  the  absolute  dose  distributions 
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from  EBT2  radiochromic  film.  This,  study  examined  doses 
deposited  parallel  to  the  external  beam,  not  perpend ieutar  to 
itr  as  in  most  other  efforts,  fn  this  study,  the  green  channel 
generally  performed  as  well  or  better  than  the  ted  channel 
for  this  flatbed  .scanner.  Pixel  level  corrections  using 
channel  ratios  and  multichannel  approaches  resulted  in  sub¬ 
stantial  improvement.  This  pixel  level  correction  was  effi¬ 
cient  and  the  calculations  were  quick  (less  than  5  sj  The 
speed  of  the  calculation  for  each  pixel  was  attributed  to 
using  the  closed  form  [Eq.  rather  than  iteratively  search* 
ing  for  an  optimal  solution.  The  multichannel  approach 
required  three  channels  but  also  used  the  derivative  of  the 
look  up  table  as  input. 

There  were  several  additional  features  discussed  in  this 
study.  To  reduce  the  air  gap  between  the  film  and  solid 
water™.,  the  phantom  was  scanned  in  a  geometry  that  per¬ 
mitted  compression  without  applying  a  bulky  vice.  The  CT 
imagety  was  resampled  and  rotated  for  generating  the 
desired  regions  of  interest  for  gamma  analysis.  Due  to  the 
absence  of  bulky  devices,  the  entire  radiochromic  film  was 
simply  inserted  between  slabs  of  phantom  without  requiring 
cutting  the  film  to  conform  to  the  shape  of  anthropomorphic 
phantoms,  In  addition,  the  two -point  registration  permitted 
regi strati™  among  the  CT  imagery,  treatment  plan,  and  film 
dosimetry  without  assuming  that  the  phantom  and  film  were 
aligned  during  CT  scanning. 
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ffidpouid  raid  purpose:  Vjnouv  rati  in  ihe  rjpy  planning  methods  far  Locally  advanced  squamous  n*UcaT- 
qiLlutw  1  t tic  head  and  neck  >CCHN  have  b-ecn  pmpused  Cudccrcasr  iLurmjl  l issue  toxicity.  We  lditi- 
pare  IMRT,  adaptive  IMRT.  proton  therapy  (IMFTk  ami  adaptive  IMRT  fur  SCCHN, 

Mof end fe  qrti  method?:  [niflal  xftd  re-armilJtkn  CT  images  fforn  10  co nsrcyUVe  paUtnts  with  5CCHN 
were  used  fa  quantify  dosimetric  differences  between  phutun  and  piututt  therapy.  Cutiluunrig  was  pet- 
farmed  on  both,  Os,  and  pirn*  f  n  *  40  plans]  and  ckee- volume  histograms  were  generated. 
ft'fuJh',  The  mean  CTV  rtilumr  decreased  51 4%  wlIIi  re-simuUtun .  A]J  plans  provided  comparable  FTV 
QDVeia.gE.Cijfnjurcd  with  IMRT,  idajjtive  LMRI  sigmfkantly  reduerd  the  itiaxirmim  dose  to  the  Eiurtdiblc 
p  -0j02U}  and  mean  drives  to  the  contralateral  parotid  gland  {p-  QM9)  and  larynx  p  -  LTJM9}.  Com- 
pi  red  With  IMRT  and  adaptive  I  MKT.  LMFT  iigrifiontly  laWrcd  rhe  maumLimduu^  In  thespnal  ccrd 
ijj  <  Omi  far  'Ixuh!  and  brainstem  \p  *  U.002  far  both}  and  mean  doses  to  the  larynx  (p  <  GJMJ2  far  both) 
and  ipvtUferal  (p  -  OJJlH  IMRT.  p  -&.060  adapt twl  and  cttrtfidateraL  ;p  <  01)02  IMRT .  p  *  Qhlt>  adaptive] 
parofjd  glands.  Adaptive  EMHT  significantly  reduced  duses  to  all  crftiical  slruCturfs  compared  With  tMRT 
and  adaptive  IMK  f  and  several  trill  rat  structures  compared  with  nun -ail  dp  live  I  MIT. 
ftairijswns;  Altfaxigh  adaptive-  IMRT reduced dun?  m isc wralnrtnnal  structures compared  with  standard 
IMRT,  non-adaptive  prutun  [  hera  py  had  a  mure  favorable  dmimelnc  pry  file  than  LMKT  ur  adapt  iw  IMRT 
and  may  obviate  the  need  far  adaptive  plaiutmg.  fruions  al  lowed  dgniftcant  sparing  of  the  spinal  lduJ, 
parttld  fdands.  Larynx,  and  b  rant  stem  and  dinuW  be  considered  far  SCCHN  to  decrease  normal  tissue  mx- 
fdty  while  still  providing  optimal  turmx  urv'erage. 

Published  by  Elsevier  Ireland  Ltd.  Radiotherapy  and  Oncology  101  (201 1 )  370*382 


Radiation  therapy  with  concurrent  asplatin-based  chemother¬ 
apy  ls  the  standard  treatment  tor  patients  with  locally  advanced 
SCCHN 1 1 1.  ChemoradLadon  can  potent  tally  altow  fot  organ  preset 
vation  and  improve  parieni  quality  of  life  CDmpared  with  surgery 
|2|.  Conanrent  c he ino radiation  In  this  region,  however,  Ls  associ¬ 
ated  With  significant  morbidity- The  dose  proximity  to  vital  organs 
makes  it  difficult  to  deliver  definitive  radiation  doses  to  diseased 
dtes  without  compromising  normal  tissue  function.  Xerostomia 
from  salivary  gland  dysfunction  commonly  results  and  is  strongly 
associated  with  dysphagia,  difiiculty  with  social  eating,  increased 
oral  b  acred  a  cotoni  ration,  dental  caries,  and  decreased  quality  of 
life  J3-5|.  Radiation  to  the  glottic  larynx  can  result  In  poor  voice 


*  Copfsporefjng  ainfiar.  A<idrt-:£:  N  jr^n  Jd  IrHfjmiFi  of  Hoaldi.  Njliarud  Cancer 
InstftiffleU  JCidU  Ion  Oncology  Standi.  Hulldfeig,  10-OtC  Hoom  B2-3SUU,  I  0  Lfnfcr 
Drivt  UpthtsdA  MD  20®£  1£A 
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Ulti ‘;-H  140,1  -  set  ftoiv  mxt?r  hiUJibHl  by  tlswifrliplaid  Lid 
doi:  HI  101  b(j_r«donci2DI  1.05.028 


function,  weight  loss,  swallowing  dvrsfuncti on.  and  decreased  qual¬ 
ity  of  life  [6].  Mucositis  [7|,  osteoradionecrosis  Emm  dose  to  the 
mandible  [&|,  and  nausea  from  dose  to  the  braimtem  |7J  can  also 
occur,  Con  form  al  techniques  such  as  intern  tty- modulated  rasSo- 
therapy  IMRTJ  can  decrease  dose  to  d^ined  critical  normal  tissues 
and  achieve  dose  scalation  to  SOCHN  target  volumes  1 9 j. 

Adapt  ive  radiotherapy  forSCCHN  Is  increasingly  being  employed 
to  account  for  anatomic  changes  that  can  lead  too  venerea  intent  of 
normal  tissues  or  unds-tieatmmt  of  tumors.  Since  there  Is  a  sleep 
dorre  gradient  with  conformal  techniques  between  target  ind  nor¬ 
mal  tissues,  intcrfractiona I  anatomical  changes  become  significant. 
S  meet  factional  patient  weight  loss  or  deformation  of  tumor  or  nor¬ 
mal  tissues  are  not  accounted  for  with  standard  radiotherapy  but 
can  markedly  alter  head  and  neck  anatomy  and  modify  treatment 
parameters  |1G|,  5CCHM  often  have  rapid  favorable  responses  to 
therapy  with  sign l heart  tumor  shrinkage  1 1  ]  -I5|.  Such  response 
ra  n  af  en  ot  her  ne  a  fby  no  nta  rgei  s  t  metures.  pa  m  cuLar  Ly  the  pa  m  Id 
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gland?  As  primary  rumors  repress,  parotid  glands  in  the  involved 
t  rea  tme  n  l  field  s  often  s  ti  n  n  k  a  nd  are  dis  placed  medi  al  ly,  potent  rally 
int;  reasmg  radiation  expo  sure  J 1 5-  IS  |. 

Adaptive  radiotherapy  aims  to  modify  treatment  according  to 
changes  that  occur  during  therapy.  For  SCCHN.  this  involves  re¬ 
st  mu  Eating  patients  during  thejr  radiotherapy  and  modifying  target 
volumes  and  treatment  plans  to  attempt  to  minimise  effects  of 
anatomic  changes  i  n  rumors  and  surround  in g  structures.  Prelimin¬ 
ary  studies  assessing  adaptive  photon  radiotherapy  have  reported 
improved  spari  ng  of  organs  at  nskvOAKs)  [  12- 14]. 

Particle  t  herapy  may  also  provide  a  more  favorable  tox  ictry  pro¬ 
file  than  IMRT.  Proton  therapy  allows  energy  to  be  deposited  at  a 
specific  depth  known  as  the  Bragg  peak,  with  rapid  energy  fa  It  off 
beyond  this  poini  |19|.  Thereto  re,  normal  tissues  on  the  distal  side 
of  the  target  volume  can  be  spared,  A  single -institution  report  has 
documented  excellent  local  control  rates  and  reduced  doses  to 
OARs  for  the  treatment  of  5GCHN  With  proton  therapy  [20  J. 

To  date,  there  is  limited  data  directly  comparing  different  radio¬ 
therapy  modalities  and  treatment  strategies  fbrSCCKN,  and  to  the 
authors  knowledge,  no  data  exists  comparing  adaptive  photon 
radiotherapy  to  particle  radiotherapy  or  assessing  adaptive  part  id e 
radiotherapy  for  5CCHN.  This  is  the  first  study  comparing  dow- 
vohime  histograms  ;DVHs)  of  target  volumes  and  normal  tissue 
structures  in  photon  based  versus  proton-based  plms  using  both 
fixed  target  volumes  and  adaptive  planning  for  patients  with  lo¬ 
cally  advanced  SCCHN. 


Materials  and  met  bods 

Ten  consecutive  patients  with  Stage  IV  locally  advanced  SCCHN 
treated  at  the  National  institutes  of  Health  O  in  teal  Research  Center 
(six  patients)  or  Walter  Reed  Army  Medical  Center  (four  patients) 
from  I  ,'2  QOS  to  9; 2 009  who  required  repeat  simulation  during 
their  course  of  radiotherapy  due  to  changes  in  anatomy  or  difficul¬ 
ties  that  arose  during  treatment  relating  to  patient  set-up  or  ther 
m op Lastiir  immobilization  devices  were  included  in  the  present 
study.  Most  patients  had  oropharynx  primary  malignancies  (seven 
patients),  and  ail  patients  had  M2  nodal  disease,  with  three  having 
bilateral  nodal  involvement  and  ail  but  one  having  multiple  posv 
trve  lymph  nodes  |AJCC,  6th  Ed  f  ‘Table  I  i  All  patients  underwent 
a  single  repeat  simulation  planning  session  that  occurred  on  aver 
age  23  weeks  into  treatment  with  concurrent  chemoradtatbn  and 
were  treated  to  revised  target  volumes  based  on  the  second  CT 
data  set  foflawiqg  repeat  simulation.  All  pat  Lents  ware  treated  With 
[MftT  in  2  Gy  daily  fractions  to  70  Gy  over  15  fractions  with  cone  w 
rent  oispUrin, 

The  CT  images  from  these  patients  were  used  to  quantify  dosi¬ 
metric  differences  between  photon  and  proton  therapy.  CT  data 


were  acquired  with  a  slice  thickness  of  3  mm.  CT  images  were  im 
ported  into  a  photon  and  proton  commercial  treatment  planning 
system  (Eclipse,  Van  an  Medical  Systems,  J5aio  Alto.CA)  tor  defining 
target  and  mittarget  structures.  OARs  and  planning  target  volumes 
{PTVs)  were  contoured  on  the  initial  and  re  simulation  CT  images. 
Target  and  no  ntarget  structure  sets  for  a  given  patLentCT  image  set 
were  held  con  sunt  for  all  plans.  Assessed  OARs  included  the  bilat¬ 
eral  parotid  glands,  glottic  Larynx,  spinal  cord,  brainstem,  and  man¬ 
dible.  CT  streak  artifacts  from  metal  were  contoured  and  assigned  a 
CT  value  equivalent  to  tissue  prior  to  calculating  all  photon  and 
proton  plans.  An  [fans  from  teeth  were  assigned  a  tissue  equiva¬ 
lent  value  for  all  proton  plans  aid  as  necessary  for  photon  plans. 

Gross  Tumor  Volume  (GTV)  was  defined  as  the  maximum  ex¬ 
tent  of  al)  known  gross  disease  determined  from  clinical  examina¬ 
tion.  endoscopy,  or  CT.  MRl.  or  PET  imaging-  In  all  dr  recti  on  s 
drcumferenHally.  the  margin  between  GTV  and  Clinical  Target  Vol 
ume  70  (CTVjuj  Was  1  an  to  include  all  Volume  of  known  tumor 
and  suspected  microscopic  spread  This  margin  was  reduced  to 
v2  mm  for  tumors  in  dose  proximity  to  bone  or  air  not  at  risk 
tor  subd  in  tea  l  disease.  High  risk  nodal  regions,  including  smalt  vol¬ 
ume  lymph  nodes  and  all  potential  routes  of  spread  for  primary 
and  nodal  disease,  were  contoured  and  designated  CWu.  Nodal  re¬ 
gions  at  lows r  risk  at  disease  spread  were  designated  CTV^ 

To  account  for  set- up  variation  and  organ  and  patient  motion,  a 
uniform  margin  of  5  mm  was  added  around  each  corresponding 
CTV  to  define  PTV  ,h  PIVM,  and  PTVv ..  respectively,  To  account 
for  proton  beam  properties  and  range  uncertainties,  proton  beam 
range  compensators  were  designed  to  provide  proximal  and  distal 
margins  relative  to  each  PTV.  and  blocking  was  designed  to  create  a 
lateral  margin  relative  to  each  PTV.  These  margins  were  individu¬ 
alized  for  each  patient  on  the  basis  of  the  formulas  by  Moyers 
et  at,  (21 1.  PTV 741  was  planned  to  70  Gy  lor  photon  plans  or  70  co¬ 
balt  Gray  equivalents  (CGE)  for  proton  plans,  with  proton  doses 
corrected  with  the  accepted  relative  biologic  effect iveness  value 
of  1 A  1 1 9|+  FTV^t  was  planned  to  64  Gy  or  64  CCE.  whereas 
PW-u  was  planned  to  SO  Gy  or  50  CGE,  Plans  were  devised  to  ini 
batty  target  PTV followed  by  aconedownto  PTYM,  followed  by  a 
second  conedown  to  PTVJtt,  with  no  Integrated  boost  administra¬ 
tion  planned. 

Four  treatment  plans  were  generated  for  each  pa  bent  fn-40 
plans):  {1 )  photon  IM  KT.witb  treatment  planned  to  the  target  vol¬ 
umes  and  normal  structures  from  the  initial  CT  image  set,  (2 }  ad  ap- 
rive  photon  IMRT.  with  treatment  planned  to  the  target  volumes 
and  normal  structures  from  the  initial  CT  image  set  to  36Gy  and 
to  the  second  CT  simulation  image  set  to  34  Gy,  (3)  spot  scanning 
proton  IMPT,  with  treatment  planned  to  the  target  volumes  and 
normal  structure?  from  the  initial  CT  image  set,  and  (4)  adaptive 
proton  IMPT.  with  treatment  planned  to  the  target  volumes  and 
normal  structures  from  the  initial  CT  image  set  to  36 Gy  and  to 
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the  second  LT  simulation  imago  set  to  34  Gy.  For  all  adaptive  plans, 
following  the  first  36  Gy  planned  to  the  initial  PTV.Ji:,  based  on  the 
initial  CT  data  set,  the  remaining  14  Gy  planned  to  a  revised  PTVa> 
and  both  cone down  doses  to  PTV^  and  FTV  w  were  planned  to  new 
PTVs  devised  using  the  second  CT  data  set.  The  initial  and  subse¬ 
quent  CT  data  sets  were  fused  together  to  allow  for  plan  sums 
and  composite  DVHs  to  be  generated. 

IMRT  and  adaptive  IMRT  plans  were  designed  with  seven 
equally  spaced  beams  every  50°  beginning  at  3QJ  {3D-1,  3D-'.  13QJ. 
13DJ,  230y,  230;  330^)  centered  Dn  each  corresponding  FTV 
{Fig.  1A).  These  beam  angles  corresponded  to  the  class  solution 
employed  by  our  clinic  Eor  treating  Locally  advanced  5CCHN.  For 
proton  and  adaptive  proton  plans,  patients  were  planned  with  five 


beams  centered  on  FTV.^j  and  PTVW.  with  beam  angles  individual¬ 
ized  tor  each  patient.  For  the  final  three  fractions  of  proton  therapy, 
patients  were  planned  WLth  an  individualized  two-field  technique, 
with  be  am  5  centered  on  FTV  ^  { Fc  g.  1  B-C).  For  photon  plans.  6  MV 
photon 5  were  used,  whereas  the  maximum  clinical  beam  energy 
was  235  MeV  for  proton  plans. 

For  optimization  purposes,  dose  objectives  were  created  for 
RTVs  and  OARs.  All  plans  were  optimized  via  Helios  inverse  Treat 
ment  Planning  (Vartan  Medical  Systems )  to  minimize  dose  to  cat 
icai  structure  by  increasing  constraints  on  OARs  and  OARs  with 
margin  (spinal  cord,  brainstem),  while  maintaining  optimal  FTV 
coverage  and  dose  homogeneity  throughout  target  volumes.  Plan¬ 
ning  was  performed  to  achieve  maximum  doses  to  the  spinal  cord 


Fig.  1.  team  arrangements  and  ireaiment  planning  images.,  Representative  beam  a  rra  pgements  used  For  i|Al  photon  pl.ms  to  treat  ITV.^  with  a  seven -field  technique,  {  B] 
proton  plans  to  treat  FTVj^-,  and  with  a  five- field  technque,  and  (CJ  proton  plans  to  treat  lJTv.ILi  with  arwo-fidd  technique.  Beam  angles  For  photon  plans  were  equals 
spaced  and  centered  on  each  ccrres ponding  FTV-  Beam  angles.  For  proton  plans  were  individualized  For  each  patient  to  minimize  dose  to  critical  stmctu res  and  maintain 
opt  imai  ITY  cove  rage  a  nd  dose  homage  ra  ity  throi^hout  t  he  ta  ige  t  vol  umas.  fiepresen  tatiifi  t  reatme  nt  p  La  nn  ing  images  Fora  parie  nt  w  ith  cT4NZcMU  stage  V  A  sq  ua  mo  us  ce  1 1 
carcinoma  oF  the  oropharynx  (base  oFtopgue)  in  aitiaJ  planes  fbr(U)  JMIET  and  (E)  proton  therapy,  and  in  sagittal  planes  forff)  ir^R'i'and(G)  proton  therapy.  Images  depict 
treatment  to  FIV^  the  final  traa  tmen  t  conedown  ta  rating  gross  disease  with  margin.  The  same  slices  From  the  same  ini  da  I  CT  data  set  were  e  mployed  For  Fig.  lUand  Band 
Fig.  IF  and  ti.  Color  coding:  red  -  1  (XTC  to  bhje  -  Sira  of  6 Gy  in  2 Gy  Fractions. 
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less  than  45  Gy  brainstem  less  than  54 Gy,  and  mandible  no  more 
than  \  cc  to  exceed  75 Gy.  as  u*fl  as  mean  doses  to  the  parotid 
glands  less  than  26  Gy  (or  at  Least  50%  of  one  gland  less  than 
30 Gy)  and  glottic  larynx  less  than 45  Gy.  All  plans  were  optimized 
to  ensure  IOOT  a|  the  prescript  ion  dose  covered  97%  of  each  FTV. 
DVHs  of  PTVs  and  OARs  were  generated  for  1MRT,  adaptive  IMRT. 
IMFT.  and  adaptive  I  Ml1!'  plans  to  compare  doses  to  tienor  volumes 
and  normal  structures. 

Various  methods  were  used  to  minimize  bias  in  the  present 
study.  Ten  consecutive  patients  who  requi  red  replanning  were  in 
eluded  in  this  study  to  minimize  sampling  bias.  All  contours  were 
performed  by  a  single  rads  a  don  oncologist  (Q)  and  approved  by  at 
Least  one  additional  radiation  oncologist  A  standard  treatment 
planning  optimization  strategy  was  used  for  aJL  photon  and  proto n 
plan*.  Conformity  indexes  (see  definition  in  Table  2)  and  DVHs 
were  assessed  to  ensure  comparable  PTV  coverage  between,  plans 
to  minimize  any  bias  when  companng  normal  tissue  dosimetry  be¬ 
tween  plans.  However,  despite  these  measures,  as  with  any  retro¬ 
spective  study  [221,  it  is  possible  that  bias  existed  in  the  current 
study  that  may  have  favored  a  certain  type  of  planning  strategy. 
Furthermore,  depite  recon tou ring  on  and  fusing  the  second  CT 
data  sets  to  the  first  CT  data  sets,  as  deformable  registration  was 
nor  employed  and  small  changes  were  noted  m  normal  tissue  posi 
tinning  on  the  second  CT  data  sets  following  tumor  response,  a 
margin  of  error  may  exist  in  t  he  dose  accumulated  between  the 
initial  and  subsequent  CTs, 

Statistical  analysis  was  performed  using  JMP  7.0  (5A5.  Gary,  HCl 
Because  the  population  was  not  normally  distributed,  a  non  para 
metric  statistical  hypothesis  was  utilized.  The  Wileoxon  Signed 
rank  test  was  used  ro  evaluate  the  differences  between  pairwise 
comparisons.  A  two-tailed  p -value  was  utilized  and  statistical  sig¬ 
nificance  was  defined  as  p  ^  0.050. 

Results 

Patient  status  no 

The  mean  GTV  volume  from  the  initial  CT  image  set  obtained 
before  concurrent  chemoradiaEion  was  76.1cm3  |  range  23.0- 
171,0  cm3 1  (Table  1 l  The  mean  GTV  volume  from  the  second  CT 
image  set  decreased  by  51.4%  to  35l5  onJ  |5.  t  - 100. 1  on  J|.  The  cor¬ 
responding  mean  FIV™  volume  decreased  19L7X  from  172.2cm  1 
j  l  f>4,4  876,7  cm3 1  to  2 24.4  cmj  |T7.S- 541.5  cmJ|,  Ho  appreciable 
difference  in  tumor  volume  reduction  was  noted  by  tumor  primary 
Location. 

Dose  coverage 

I  MKT,  adaptive  IMRT,  I  MPT,  and  adaptive  IMPI1  plans  all  pro¬ 
vided  acceptable  target  volume  coverage,  with  no  significant  dif¬ 
ference  in  coverage  to  PTV?tk  PTV^,  or  FTVv  among  the  different 
plans  {Table  2\  In  all  cases,  100%  at  the  prescription  dose  covered 
*97%  of  each  FTV.  and  no  point  dose  within  or  outside  FTVs  was 
>114%  of  the  prescribed  dose  (Fig,  1D-G).  Overall,  proton  plans 
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and  adaptive  proton  plans  had  superior  conformity  Than  either 
IMRT  plans  or  adaptive  IMRT  plans,  and  they  delivered  less  dose 
outside  of  target  volumes,  particularly  among  tow  to  intermediate 
dose-volumes  (Table  21 


fMRT  versus  adaptive  JJWffT 

Compared  with  IMRT  plans,  adaptive  IMRT  significantly  de 
creased  the  maximum  point  dose  to  the  mandible  Ip*  0,020)  and 
mean  doses  to  the  left  parotid  gland  (p  <  0.002  J  and  glottic  larynx 
(p  *  0.049 )  (Tab  le  3 ,  5u  ppl  ementary  Ta  bl  e  5 1  \  Hie  maxi  mum  dose 
to  the  brainstem  was  somewhat  lower  with  adaptive  plans,, 
although  this  difference  was  not  stati^ically  significant 
{p  =  0.GS4!L  There  was  no  difference  in  the  maximum  dose  to  the 
spinal  cord  (p*  0.770)  or  mean  dose  ro  the  right  parotid  gland 
tp  -0.846),  When  assessing  the  parotid  glands  relative  to  the  site 
of  primary  disease  for  each  patient,  adaptive  IMRT  decreased  the 
mean  dose  to  the  ccm  Era  lateral  (p  *0.049)  but  not  the  ipsilaieral 
parotid  gland  (p*O.1G0)|5upptemenrary  Fig,  51], 

iMRT  versus  tiWPT 

Proton  therapy  significantly  reduced  the  mean  and  maximum 
doses  to  most  QAR.S  examined.  Compared  with  IMRT  plans.  I  MPT 
reduced  the  maximum  doses  to  the  spinal  cord  >p<OL002)  and 
brainstem  :p<Q.o02;i,  as  well  as  the  mean  doses  to  the  left 
fp< 0.002)  and  right  tp- 0,004)  parotid  glands  and  larynx 
(p<  0.002 J,  Both  the  ipsd  at  era  L  'p*  0,004)  and  contralateral 
ip  <  D.002  1  parotid  glands  showed  significant  sparing  with  proton 
therapy.  Only  the  maximum  dose  to  the  mandible  (p  *  0.275)  was 
not  significantly  reduced  with  proton  therapy  alt  bo  ugh  the  mandi¬ 
ble  V6G  (p<  0.002)  and  V7D  {p  =  01010)  were  lower  With  I  MPT 
(Fig.  m-ci 


AJcrptiVf  IMRT  versus  fJWPT 

When  compared  to  adaptive  fMRT,  IMP!  provided  a  significant 
dose  reduction  ro  all  OARs  other  than  the  mandible  {p  -  0.926), 
Proton  therapy  reduced  the  maximum  doses  to  the  spinal  cord 
(p  <  0.002)  and  brainstem  (p< 0.002),  as  well  as  the  mean  doses 
to  the  left  (p- 0,0 10  -  and  right  ip*  0.050)  parotid  glands,  ipsilat 
erai  :  p* 0,090)  and  contralateral  (p-GLOiq)  parotid  glands.  and 
larynx  (p  <  0.002  l 

ttOfT  versus  adoptive  fMFT 

Adaptive  IMFT  significantly  reduced  the  mean  and  maximum 
dose  to  all  OARs  examined.  Compared  with  IMRT  plans,  adaptive 
IMFT  reduced  the  maximum  doses  to  the  spinaJ  cord  (p  <  0.002), 
brainstem  (p  <0.002  ',  and  mandible  ( 0.020  i,  as  well  as  the  mean 
doses  to  the  left  (p  *01004)  and  right  (p*  0.004)  parotid  glands, 
ipsiiarerdl  (p  *  0.004)  and  contralateral  [p*  0.004'  parotid  glands, 
and  larynx  fp  <GJD02), 
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Adaptive  IjdKT  wftus  adaptive  JMiTT 

When  compared  to  adaptive  IMRT,  adaptive  I  MET  significantly 
reduced  dose  to  ail  DARs  examined  Adaptive  I  MPT  reduced  the 
maximum  do*#*  to  the  spinal  cord  (p<0JQ02),  brainstem 
(p  <  0,002).  and  mandible  p  -  0.049),  as  well  as  the  mean  doses  to 
the  left  (p  =  0020)  and  right  (p  =  0.0 10)  parotid  glands.  ipsilaterai 
(p  -  (1.01 0)  and  contralateral  ip  *  0.020)  parotid  glands,  and  larynx 

(p  <  0.002) 


fMPT  versus  adaptive  puff 

When  compared  to  IWT,  adaptive  IMPT  provided  a  further 
reduction  in  dose  to  several  GARs.  Adaptive  EMFF reduced  the  max¬ 
imum  doles  to  the  spinal  cord  (p  *  0.004)  and  mandible  ( p  -  0006) 
and  mean  doses  id  the  larynx  (p*  0.010)  and  ipiitareral  parotid 
gland  p-  0,020).  Non -significantly  lower  mean  doses  to  left 
( p  =  03084)  and  right  (p  =0065)  parotid  glands  and  maximum  dose 
to  I  he  brainstem  (p  *0.1 06}  were  also  demonstrated  with  adaptive 
TMPF  There  was  no  difference  in  mean  dose  to  the  contralateral 
paroti  d  gland  (p  =  01  160)l 

Dboifibd 

This  study  demonstrated  rhat  adaptive  photon  radiotherapy  for 
locally  advanced  5CCHN  can  signs fk anti y  decrease  the  maximum 
dose  to  the  mandible  and  mean  doses  to  the  contralateral  parotid 
gland  and  glottic  larynx  when  compared  with  IMRT,  while  still 
maintaining  optimal  tumor  coverage.  Proton  radiotherapy,  how¬ 
ever,  allowed  further  benefits  over  Standard  IMRT  and  adaptive 
IMRT  plans  by  decreasing  the  maximum  doses  to  the  spinal  cord 
and  brainstem  and  mean  doses  tq  the  bilateral  parotid  glands 
and  Larynx.  While  still  delivering  optima  I  tumor  reverse.  Adaptive 
proton  radiotherapy  further  reduced  doses  received  by  the  spinal 
cord,  ipsLLaieral  parotid  gland,  glottic  Larynx,  and  mandible  com¬ 
pared  with  non  -adaptive  proton  plans,  although  this  reduction 
we  less  clinically  significant. 

High  dose  homogeneity  and  target  volume  coverage  were 
achieved  despite  a  diverse  patient  population  with  varyi  ng  primary 
tumor  locations  and  extents  of  modal  involvement.  Importantly  ,  no 
significant  difference  in  PTV  coverage  was  demonstrated  between 
all  plans,  thus  minimizing  bias  when  comparing  normal  tissue 
dosimary.  However,  the  sensitivity  of  proton  plans  to  anatomic 
and  target  volume  changes  wan  generally  greater  than  tor  photon 
plans,  Plans  with  fewer  beams  and  with  beams  in  the  direction 
of  shrinkage  of  target  volumes  were  most  sensitive.  For  target  vd  - 
umei  in  this  study  that  exhibited  significant  shrinkage  following  a 
partial  course  of  chemoradiotion  prior  to  repeat  CT  simulation  for 
adaptive  radiotherapy,  the  actual  doses  delivered  to  critical  struc¬ 
tures  just  distal  to  shrinking  target  volumes  varied  from  the  doses 


expected  based  on  the  initial  CT  data  sets  more  with  protons  than 
photons. 

Adoptive  rudio  therapy 

Supporting  a  potential  baiefit  o f  ad ap tive  radiotherapy  in  our 
study,  when  contours  from  the  initial  CT  image  sets  were  com¬ 
pared  with  those  from  the  re-planning  CT  image  sets,  a  significant 
reduction  in  mean  LTV  was  demonstrated  that  was  simitar  to  tu¬ 
mor  reductions  reported  in  previous  studies  with  an  average 
reduction  in  GTV  noted  between G9T  and  7K  j  1 1  - 1 5 f,  Several  pa 
tients  in  this  study  underwent  re-planning  early  in  the  course  of 
their  radiotherapy  and,  therefore,  may  have  had  mote  GW  reduc 
non  if  replanning  was  performed  Eater  in  therapy. 

Preliminary  research  on  adaptive  radiotherapy  has  demon 
slra ted  potential  improvements  in  radiation  treatment  delivery 
which  was  also  noted  in  our  study.  Gy  evaluating  serial  CT  images 
throughout  radiotherapy,  Parker  er  aL  reported  significant  changes 
in  size  and  positions  of  target  volumes  and  OARs,  suggesting  dosi¬ 
metric  underdosing  of  PTVs  or  overdosing  of  parotid  glands  may 
occur  if  such  changes  are  not  accounted  for  with  re  planning 
[  13],  Another  study  demonstrated  lack  of  re -planning  decreased 
dose  Govarageol  originally  planned  PTVs  in  92%  of  patients  and  in¬ 
creased  the  maximum  doses  delivered  to  the  spinal  cord  in  HXft- 
and  brainstem  in  85T  1 1 4|.  Another  study  showed  the  dose  deliv 
ered  to  parotid  glands  can  be  5*7 Gy  higher  than  what  was 
planned  at  the  time  of  initial  simulation  in  457  of  patients  |1SJ. 
Although  small  absolute  differences  in  dose  delivered  to  ^ich  or 
gans  as  the  mandible  and  spinal  cord  may  be  less  clinically  signif¬ 
icant.  such  an  increase  m  dose  to  parotkl  glands  Ls  not  trivial. 
Parotid  a  la  rich  ©t  hi  bit  a  steep  dose -response  relationship,  with 
functioning  impaired  after  4  mean  dose  as  low  as  10  Gy  and  grade 
A  xerostomia  occurring  in  707  of  patimts  retoVing  mean  doses 
greater  than  26  Gy  (4,5). 

Although  attempt  was  made  to  maintain  the  mean  bilateral  par¬ 
otid  gland  dose  under  26  Gy,  FTVs  and  ipsilaterai  parotid  glands 
overlapped  in  most  patients.  As  the  priority  of  sparing  the  parotid 
glands  was  lower  than  that  for  achieving  the  prescribed  PW  cover¬ 
age,  few  patients  had  mean  ipsilaterai  parotid  gland  doses  below 
26  Gy,  and  the  reduction  in  ipsilaterai  parotid  gland  mean  dose 
from  43.1  Gy  with  IMRT  to  39.0 Gy  with  adaptive  IMRT  in  this 
study  was  not  significant  (p-OTSD),  The  contralateral  parotid 
gland  mean  dose  was  lower  with  adaphve  IMRT  125.3  Gy  vs. 
26,8  Gy,  p*  0.049),  which  Is  in  line  with  the  magnitude  of  parotid 
gland  dose  reduction  of  up  to  10%  reported  in  prior  studies  assess¬ 
ing  adaptive  photon  radiotherapy  1 12].  The  mean  doses  to  the  ipsi- 
Lateral  and  contralateral  parotid  glands  with  IMPT  of  32,9  Gy  and 
19,5  Gy,  respectively,  and  adaptive  IMPT  of  29.8  Cy  and  18,3  Gy, 
suggest  an  even  larger  potential  clinical  benefit  in  preservation  of 
parotid  gland  functioning  with  protons. 
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Several  concerns  exist  with  adaptive  treatment  planning.  Since 
adaptive  radiotherapy  is  labor  intensive,  deform  able  image  regis¬ 
tration.  automated  target  delineation,  and  higher  computational 
power  likely  will  become  more  important.  Additionally,,  the  timing 
of  when  m  re- pi  an  d unrig  chemoradiation  is  not  well-defined, 
While  some  practitioners  utilize  dose  thrsholds  to  perform  re- 
emulation,  others  use  anatomical  thresholds  such  as  GTV  reduc¬ 
tion,  In  this  study,  patients  underwent  a  single  repeat  simulation. 
As  has  been  demonstrated  m  prior  studies  1 12|.  a  greater  benefit 
with  adaptive  radiotherapy  anight  have  been  seen  if  replanning 
occurred  more  frequently  during  radiotherapy. 

Controversy  also  exists  regarding  local  control  when  treating 
smaller  target  volume  based  on  re-planniHg  Lt  data  [23-24], 
With  tumor  responds  after  both  induction  chemotherapy  and  a 
partial  course  of  concurrent  chemoradiatlon,  concern  exists  that 
substantial  numbers  of  tumor  cells  may  remain  in  tissue  volumes 
previously  occupied  by  gross  disease  that  are  below  the  threshold 
of  radiographic  detection  [23-25],  To  evaluate  these  issues,  there 
are  currently  three  pilot  trials  lead  by  U.TMD.  Anderson  Cancer 
Center,  Washington  University  School  of  Medicine,  and  University 
Hospital  Ghent!  Belgium)  that  aim  to  assess  adaptive  radiotherapy 
for  the  treatment  of  SCCHN  |26]  A  recent  consensus  conference 
assessing  induction  chemotherapy  recommended  treating  patrerts 
based  on  prechemotherapy  target  volumes,  regardless  of  tumor  re¬ 
sponse,  to  avoid  risking  marginal  recurrences.  While  no  such  cm* 
sen sus exists  for  adaptive  radiotherapy,  the  multidisciplinary  team 
concluded  that  many  of  the  same  issue  and  recommendations 
will  apply  to  adaptive  RT  , [27|, 

Ptofon  ratfjotJiernpy 

Particle  radiotherapy  has  also  been  shown  in  prdunimry  re¬ 
ports  and  modeling  studis  to  improve  tumor  dose  distribution 
and  decrease  normal  tissue  toxicity  in  the  treatment  of  many  can 
cere  |2B-3Q|  SCCH  N  compared  with  photon  therapy  |31-  36 1.  Cozzi 
et  al.  performed  a  treatment  planning  comparison  of  mixed  pho¬ 
ton -electron,  3D  conformal  photon,  IMRT.  and  proton  therapy  ( pas¬ 
sively  scattered  and  spot  scanned)  for  patients  with  advanced 
SCCHN.  Proton  plans  provided  improved  dose  homogeneity  and 
delivered  the  Least  dose  to  the  spinal  cord  and  parotid  glands 
1 3 1  [.  Investigator;  from  Loma  Linda  University  Medical  Center 
treated  29  patients  with  stage  IT -IV  oropharyngeal  cancers  using 
an  accelerated  traction  at  ion  schedule  with  a  combination  of  pho¬ 
tons  and  protore  to  75JJOCE  In  45  ffaciiom  Thar  reported  B4% 
loco  regional  control  and  65X  disease -free  survival  rates  at  five 
years  compare  very  favorably  to  historical  controls  without 
increasing  treatment  toxicity  |20|,  Another  dosimetric  study  of 
hypopharyngeal  patients  similarly  demonstrated  lower  doses  to 
non -target  tissues  with  protons  than  photon  l  MET  |32|. 

The  dosimetric  advantages  of  proton  radiotherapy  demon¬ 
strated  m  this  study  might  improve  the  therapeutic  ratio  lb:  pa 
lients  with  locally  advanced  SCCHN .  Based  on  historical  dose- 
response  relationships,  with  significantly  lower  radiation  doses  to 
Several  OARi  demo  ns  [rated  in  this  study,  patients  treated  With 
protons  may  have  improved  quality  of  life  and  reduced  rates  of 
xerostomia,  dental  problems,  voice  changes,  weight  lo®.  swai  low¬ 
ing  dysltinction,  mucositis,  nausea,  and  other  radiation -induced 
toxicides.  Longitudinal  studies  examining  normal  tissue  toxkities 
from  photon  and  proton  radiotherapy  are  needed  to  confirm  the 
clinical  sgmhcance  ol  our  findings. 

In  this  study,  although  adaptive  photon  radiotherapy  reduced 
dose  to  several  DARs  compared  with  standard  EMRT.  non  adaptive 
proton  plans  were  d  os  imet  rurally  superior  to  all  photon  plans  de 
Spite  planning  to  treat  largo-  target  volumes  than  were  planned 
with  adaptive  photon  radiotherapy.  To  date,  rap  previous  data  exist 
assessing  adaptive  proton  therapy  for  SCCHN,  and  adaptive  proton 
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therapy  has  only  previously  been  evaluated  in  a  single  dosimetric 
analysis  of  patients  with  non-small  cell  lung  cancer  |37 1.  Although 
adaptive  proton  plans  in  this  study,  compared  with  IMPT,  signifi¬ 
cantly  lowered  the  radiation  doses  to  the  spinal  cord,  ipsilateral 
parotid  gland,  glottic  larynx,  and  mandible,  this  dose  reduction 
was  less  clinically  significant  and  the  magnitude  of  this  reduction 
compared  with  IMPT  plans  was  much  less  than  the  reduction  in 
dose  achieved  by  non- adaptive  proton  plans  over  EMET  and  adap¬ 
tive  IMRT  photon  plans.  With  concerns  regarding  adaptive  treat¬ 
ment  strategies  and  the  limited  resources  of  the  few  proton 
therapy  centers  worldwide  at  this  time,  it  is  unlikely  that  adaptive 
proton  therapy  wi  LL  become  a  clinically  utilized  modality  for  treat¬ 
ing  patients  with  SCCHN  solely  in  an  attempt  to  minimize  the  vol 
umes  of  targets  treated,  particularly  in  light  of  the  significant 
benefit  demonstrated  in  this  study  with  standard  proton  therapy 
aver  all  photons  plans.  However,  as  proton  plans  are  more  sensi¬ 
tive  than  photon  plans  to  inter  fractional  changesm  tumor  volumes 
and  pane  nr  anatomy,  care  must  be  taken  to  account  for  these 
changes  or  otherwise  ensure  accuracy  of  the  beam  range  when 
using  protons  to  treat  SCCHN,  The  role  of  adaptive  proton  radio- 
therapy  may  best  be  answered  in  the  context  of  a  clinical  trial  with 
serially  planning  repeat  CT  simulations. 

The  possible  advantages  to  proton  therapy  are  bang  assessed  in 
three  phase  1 1  trials  for  SCCHN  Researchers  at  University  of  Florida 
and  Massachusetts  General  Hospital  are  investigating  proton  ther¬ 
apy  for  the  treatment  of  nasopharygeal  carcinomas,  and  investiga¬ 
tors  at  University  of  Florida  are  assessing  proton  therapy  to  treat 
oropharynx  cancers.  Each  of  these  trials  is  enrolling  patients  with 
considerably  less  advanced  disease  than  was  included  in  the  pres¬ 
ent  study  [26], 


Standard  vs.  adoptive  radiotherapy  vs,  proton  radiotherapy 

This  study  assessed  a  popul-Sion  of  5COHN  patients  with  a  high 
disease  burden,  all  of  whom  had  stage  IV  non  metastatic  disease. 
The  advanced  nature  of  their  diseases  may  have  allowed  for  a 
greater  advantage  for  adaptive  plans  over  non  adaptive  pirns  fol¬ 
lowing  an  initial  tumor  response  to  them  eradiation.  However,  an 
even  greater  benefir  to  adaptive  radiot  herapy  may  have  been  dem¬ 
onstrated  if  the  study  population  had  been  limited  only  to  patients 
with  clinically  significant  responses  to  iratial  partial  courses  of  c  he- 
moradlatioo.  Additionally,  neither  photon  technique  could  maim 
tain  optimal  FIV  coverage  while  sparing  OARs  to  the  same 
extent  as  either  proton  technique.  Et  is  possible  that  tbe  dosimetric 
advantage  to  OAEs  svith  protons  demonstrated  in  this  study  would 
be  even  greater  in  patients  with  less  advanced  disease.  As  such,  the 
study  results  may  not  be  applicable  to  patients  with  early  stage 
SCCHN  and  may  underestimate  the  potential  benefit  of  proton 
therapy  over  photon  therapy.  However,  it  is  also  possible  that 
the  spot  scanning  proton  techniques  utilized  in  th  U  study  allowed 
for  a  greater  benefit  with  proton  therapy  than  would  be  seen  in 
centers  treating  SCCHN  patients  with  scattered  beam  delivery. 

Conclusion 

For  patients  with  Locally  advanced  SCCHN,  adaptive  photon 
radiotherapy  offers  some  benefit  over  standard  IMRT  in  reducing 
dose  to  several  regional  DARs.  Proton  therapy  has  a  more  favorable 
dosimetric  profile  than  either  standard  IMRT  or  adaptive  IMET  and 
significantly  lower  radiation  doses  to  the  spinal  cord,  bilateral  par¬ 
otid  glands,  glottic  larynx,  and  brainstem,  As  such,  the  dosimetric 
advantage  demonstrated  with  non -adaptive  pm  too  therapy  in  this 
Sluder  may  obviate  the  need  for  adaptive  treatment  planning  for 
patients  with  SCCHN,  With  decreased  doses  delivered  to  OARs, 
patients  treated  with  proton  therapy  may  benefit  from  fewer 
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rad  La  tron -Induced  side  effects.  Proton  therapy  should  be  consid¬ 
ered  for  patients  with  localiy  advanced  5CCHN  to  decrease  normal 
tissue  toxLcity  while  still  providing  optimal  tumor  coverage 
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PREDICTED  RATES  OF  SECONDARY  M  AMGISiANCIES  FROM  PROTON  VERSUS 
PHOTON  RADI  VTION  THERAPY  FOR  STAGE  I  SEMINOM  \ 
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Purpnse^ Photon  riidfatherapy  has  heeu  the  standard  adjuvant  treatment  far  stage  J  semjjimna-  Siingle+dftitr  car* 
bop tn tan  therapy  and  ohservatina  have  emerged  as  alternative  options  due  to  concerns  for  acute  tovidties  and  sec¬ 
ondare  malt  pranck  s  fnmi  radial  km.  In  tills  tiMtnfl  fanal  review  boa  rd-upp  rosed  study,  we  compared  photo  Hand 
pro  ton  radiotherapy  for  L  sou  mama  and  the  predicted  rates  of  execs*  secondary  maligna  nrics  for  hath  treat¬ 

ment  modal  hies* 

Methods  and  Material:  Computed  tomography  images  from  Id  c  unwell  th  e  patients  with  stage  1  send  noma  were 
Li-od  to  ijuiumfv  dosimetric  differences  twtw  wn  photon  and  proton  therapkv  Strutt  ires  reported  to  he  at  in¬ 
creased  risk  for  secondary  malignancies  and  in -fie  k!  critical  structures  were  contoured.  Reported  models  of 
organ- spedtk  radiation- induced  cancer  incidence  rates  based  on  or  gait  equivalent  dose  were  used  to  determine 
the  «ee as  absolute  ri*  id  secondary  maligna  i*  tvs,  (  aJcu luted  value*  were  cam  |ti  red  with  tumor  registry  reports 
of  excess  secondary  malign  ancles  among  testicular  cancer  survivors. 

Results:  Photon  and  pmlon  pfam  provided  comparable  target  volume  coverage.  Proton  pfans  delivered  dgnifi- 
Culltly  tower  mcuil  doses  to  all  examined  loo  lual  tisstKW.  except  for  the  kidneys.  Hit  greatest  a  biolute  reduction 
in  mean  dose  was  observed  for  the  stomach  l  110  cGy  for  proton  plans  n.  768  cGf  for  photon  plans;  p  < 
O.IXNIIl.  Significantly  more  excess  secondary  cancers  per  HUN  Ip  patkfntsA  ear  were  predicted  for  photon  radiation 
than  for  pmfoll  radiation  to  tile  stomach  14.1 1:  95%  confidence  Intcn  a l  |LTJ.  3.2i-5,Oh,  bilge  howd  10.81:  95% 
CMU9-Ullj,  and  hi  adder  (0.03;  95%  CL  Ml-OhSSL  whRe  no  different  was  demons  rated  for  rodiation  to  the 
pancreas  (0,02;  95  %  CL  0-01-0-0*1 . 

t  i nidus i oris:  l  or  patients  with  stage  I  semiltotlia.  proton  radiation  III  crapy  reduced  the  predkted  secondary 
cancer  risk  compared  with  piu4on  therapy  W*  predict  a  reduction  of  one  addition*!  secondary  cancer  for  every 
541  patients  with  a  life  expectancy  of  40  years  from  the  time  of  radiation  treatment  with  protons  instead  of  photons. 
Pnolon  radiation  therapy  also  allowed  significant  sparing  of  tubist  critical  structures  examined  and  warm  ids 
further  study  for  path-nt*  with  tonmona,  to  decrease  radtutinmindiirrd  toxicity.  30]  2  Elsevier  Inc, 

ScnunoiiuL  Secondary  mollgitundes.  Proton  therapy.  Do  si  me  try,  PoiB-ttortic. 


INTKODUCTION 

Testicular  cancers  arc  tltc  inifct  ccumnun  sulid  toaUgnam-irx 
among  men  2D  to  55  years  old  In  2009.  then:  were  8,400 
new  cases  of  lesueular  malignancies  projected  in  the  Unites 
Stales,  with  3K0  deaths  [!i.  Most  of  die  sc  malignancies  rcf> 
resent  primary  germ  cell  tumors,  w  ith  pure  seminoma  com- 
prising  GU%  ol  these  tumors.  Approximate  Ly  80%  ui  patients 
diagnosed  with  seminoma  have  stage  1  disease  (2). 


The  shindird  initial  ircuunenL  for  stage  1  seminoma  is 
radical  inguinal  orchiectomy.  Since  the  mid-20th  Century, 
photon  external  beam  radiotherapy  has  been  the  standard 
adjuvant  treatment.  Patients  receiving  radiotherapy 
achieve  cause -specific  survival  rates  approaching  100ft 
and  long-term  tekpse-free  survival  rates  exceeding 
95%<,  with  virtually  no  relapses  within  the  radiation  por¬ 
ta!  (X  4). 
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However,  significant  treatment related  morbidities  fol¬ 
lowing  radiotherapy  have  been  reported,  Although  acute 
toxicides  arc  generally  mild  and  self- limiting,  patients  are 
at  an  increased  risk  lor  late  gonadal  toxicity  (51  and  curdio- 
vasc  ular  disease  (6,  7  ),  particularly  (base  patients  receiv  ing 
prophylactic  rnediiiMinul  irradiation  p'6).  Studies  have  rim 
revealed  me  reuses  in  contralateral  Leslie  id  if  genu  cell  tu¬ 
mors  in  the  fim  decade  following  radiotherapy  (B,  9}  and 
increases  in  nungerm  cell  rTEibgiuinLies  Lifter  ttJ  Eu  55 
yearjs  (6.  7,  10-12)*  In  the  study  assessing  llie  largest 
population  of  sc  Tin  noma  parents  far  Lite  development  of 
secondary  cancers,  41X576  patient*  with  lirsi  primary 
ameers  of  the  testis  between  1943  and  2001.  who 
survived  at  least  I  year,  were  evaluated  ( 10)-  Patients  trealed 
with  adjuvant  radiotherapy  alone  had  a  significantly  in¬ 
creased  risk  ol  solid  cancers  (relative  risk  [RR|  -  2.0; 
95%'  confidence  interval  ICI|*  1  *9-2*2),  with  the  highest 
risk  in  patients  treated  at  younger  ages.  Among  organs  in 
the  standard  pam-aorlk  held  radiation  portal,  secondary 
cancer  rates  wvre  elevated  fur  the  stomach  (KR  -  4.L 
95%  Cl  32-521  forge  bowd  [UR  =  1.9;  95%  CL  1 5- 
2.5),  pancreas  [UR  ^  3*g;  95%  Cl  2.7-5.UK  and  bladder 
IK R  =  2*7;  95%  CL  2*1-33)*  These  risks  were  slightly 
higher  lor  patients  with  seminoma  than  lor  patients  with 
non  seminoma  malign  Line  iev  As  seminoma  largely  affects 
younger  patients  and  cute  rates  ore  excellent,  second  pri 
mary  cancers  air  a  leading  cause  of  death  among  testicular 
cancer  survivors  16,  7,  12). 

Attempting  to  ik  crease  lalitttiun-ossociated  treatment 
morbidities  and  secondary  malignancies,  studies  have  inves¬ 
tigated  reducing  the  adjuvant  radio  therapy  dose  and  treat 
men!  volume;  The  United  Kingdom  Medical  Research 
Council  !  MRC]  randomized  625  patients  with  stage  1  sciHh 
noma  to  receive  a  2(VGy  or  30- Gy  dose  m  20tKeGy  fractions 
following  orchiectomy.  Rales  of  acute  tonicities  were  lower 
among  patients  receiving  20  Gy,  with  no  difference  in 
rclapNc-frec  survival  or  overall  survival  (3).  With  the  rccog 
miiop  that  prophylactic  mediastinal  irradiation  increases 
cardiac  mortal ily  £frj.  treatment  to  the  mediastinum  was 
largely  abandoned  by  the  mid- 1980s.  Following  the  Royal 
Mats  den  Hospital  report  m  which  no  differences  in  relapse 
patterns  w  ere  found  for  patients  w  ith  scrotal  violations  and 
follow  ing  the  I niem.it mrial  Consensus  Conference  in  Ijeeds 
in  1989.  radio?  hcrupv  to  the  ipsilatral  groin  and  scrotum  is 
typically  avoided  f  1 3  )r  Fed lowing  an  MRC"  random i/ed  trial 
of  478  patients  with  stage  1  seminoma  that  demonstrated  no 
improvement  in  overall  surv  ival  or  re  lapse -free  surv  ival  in 
those  pa  bents  who  received  treatment  to  the  ipsi  lateral  pel¬ 
vis.  radiotherapy  to  the  puru -aortic  region  alone  has  become 
an  acceptable  target  volume  for  patients  with  undisturbed 
lymphatic  drainage  i4). 

Despite  reductions  in  radiation  doses  and  tie  Ids.  concerns 
fur  late  toxi cities  and  secondary  maJignaitcies  persisL  Proton 
therapy  may  pro  vide  equivalent  rates  of  disease  control 
while  improving  the  toxicity  prolile  of  photon  therapy.  Pro- 
tons  allow  energy  deposition  at  a  specific  depth,  know  n  as 
the  Bragg  peak.  W  ith  rapid  energy  I’allolT  beyond  that  point 
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i  14),  Therefore,  prokfis  can  allow  normal  tissues  distal  lo 
the  target  volume  t ID  be  spared. 

To  dale,  there  are  no  published  data  directly  Comparing 
di  fibre  in  types  of  ionizing  radiotherapy  for  treatment  of 
stage  1  se  mm  ulna,  and  no  data  exist  that  p'edict  tlie  risk  of 
secondary  malignoneies  from  proton  therapy  in  this  patient 
population.  In  ihi* study,  we  compared  dose- volume  histo¬ 
grams  (DVH-s)  of  target  volumes  and  normal  tissue  struc¬ 
tures  in  photon -based  versus  proton -bused  plans  m  patients 
with  stage  I  seminoma,  and  we  determined  the  excess  abso¬ 
lute  risk  ( EAR)  of  secondary  malignancies  for  photon  versus 
proton  plans, 


MKTHOD.S  AM)  MA  liKIALS 

Ten  consecutive  patients  with  stage  l  'etninoina  treated  with  ia 
dmthcrupy  lli  Walter  Ketd  Anns  Medical  Center  (WRAMCT  who 
had  computed  tomography  iCT)  stalMkra  image*  rhoi  included 
the  entire  bladder,  were  assessed  in  the  present  study.  This  study 
was  approved  by  die  WRAMC  uLstUutioruil  review  board.  Alt  pa 
herns  underwent  radical  ordsectomy  and  received  adjuvant  frac¬ 
tionated  two-dimensional  f2D>  radiotherapy  with  mega  voltage 
photons  to  the  para  sonic  lymph  node  region  from  June  2i<Mi  to 
September  2LMJB.  Their  CT  Linages  were  used  to  quantity  and  com 
pure  dusinmiric  di  Iterances  between  photon  and  proton  i  ado  diet 
apy,  CT  acquisition  data  included  slice  thicknesses  of  3  mm,  CT 
images  were  imported  into  a  commercial  treatment  planning  sys¬ 
tem  iLel  ipse  Van  an  Medioal  Systems*  Ralo  A)to,  CA)  to  dehue  l ur¬ 
ge!  and  non  large  I  structures. 

Planning  r  or  get  volume  iTTVs)  and  adjacent  organs  s  n*k 
cUARsl  were  deL  neared  on  suruiktion  CT  images.  Organs  m  the 
treatment  tie  Id  previously  reported  to  be  at  increased  n.sk  for  devel¬ 
oping  secondary  malignancies  I  10).  irtc Jxitlin  g  htaddef.  4omix:h. 
pancreas,  and  large  bowd.  were  concmed.  In -held  critical  stnic 
rures,  tncfoding  liver  and  kidney's,  were  also  contoured-  All  cmj- 
louruig  was  pertormod  by  a  single  radiation  unco  tog  is  t  iLS.t  and 
reviewed  by  two  iiiidilmnd  radian  on  oncologist*  iJ.U’C.  and 
W,0. ) ,  Targei  a nd rnwarg et  structure  vets  fora  given  par icot  f  T  i m 
age  set  were  held  constant  far  all  treatment  pdant 

Two  plans  were  generated  tor  each  patient  in  =  20  plans n  bof 
photon  planv  paiieriis  were  trealed  with  an  ante  rope  dc  nor  -poster 
oonierior  lAP-PAj  direction  teehmque,  whereu  only  a  PA  field  wav 
used  for  proton  plans  For  photon  plaas.  patients  were  treated  with 
a  stan  dar  d  1 D  re  dan  put  ar  tre  atment  held,  wi  th  held  hard  em  derm  ed 
by  tlw  TJ  0  I  1 1  intcncrlriiral  space  crania  Ily.  the  LA-S I  inlcrVcr 
lehral  space  caLKlally,  and  2.6  cm  laterally  beyond  the  lateral  edge 
of  the  vertebral  bodies,  Nlarerally. 

Because  all  patients  had  node  -negative  disease,  no  gross  tumor 
volume  was  used.  For  the  proton  tlier ap\  para  un  tie  luxlat  cbrucat 
larger  volume  itTV^^k  defined  as  regUvns  of  potsiltfll  micro 
scopie  dtsesie.  die  aorta  and  common  iliac  vessels  from  the  mid- 
I  1 1  vertebral  body  cranial ly  to  the  caudal  third  ol  the  L5  vertebral 
body  amdally  were  coni  our  ed  together  as  a  angle  anicture.  Ihese 
vessels  served  as  iurragM  for  para  aon  w  lymph  node poshnciing 
and  represented  the  region  at  risk  for  para  aortic  Ivmpfi  node  metns 
tasis.  Inpatients  with  bihircation  at  the  aorta  above  the  caudal  third 
of  L5_  contours  from  both  the  fight  and  the  left  iliac  branches  were 
i  nc  hi  ded .  The  cr  m\i  id  a  nd  cumin  I  extents  of  v  c  sm:  I  ant  tuu  rs  were  d  c 
rived  to  allow  the  cranial  and  caudal  extents  of  irradiation  volumes 
to  be  equal  tor  photon  and  proton  plans.  A  radial  expansion  of  U 
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cm  wa*  atkled  to  this  stractrc  10  trclade  fl»e  CTYppai.m.  Bora  was, 
excluded  from  CTV,™*., 

To  account  for  set-up  viuianori  jnd  organ  and  pit  Lent  inotions. 
a  radial  c  sponsion  of  0.7  on  was  jJdtxl  to  the  t’l\  rn*,„  to  define 
the  FTVpw  To  Acvoum  for  proton  beam  pitiperoe*  and  milage  urv 
certainties,  based  on  the  application  of  Moyer's  formula  to  the  av¬ 
erage  range  of  values  of  the  study  population,  proton  beam  range 
compensators  woe  designed  Do  provide  0.6  cm  proximal  and  0.9- 
cm  distal  margins  relative  m  Hie  nVpil,im.  anil  bit, v king  ws  de 
signed  to  creme  a  i.3-cm  lateral  margin  relative  to  the  FTV^^ 

Elans  were  calculated  to  deliver  25_5  Liy  with  photons  or  25-5  co¬ 
halt  Gray  equivalent  with  protons  ova  17  froettauc  with  proton 
dm**.  corrected  with  the  accepted  relative  bbtogic  effective  ness 
value  of  1 J  ( i  51,  Ai  plans  were  optimized  to  provide  optimal  tw- 
get  volume  coverage  and  dose  homogeneity  th  mug  bout  the  target 
volumes.  DVIls  of  target  volumes  and  OARs  Were  gcncrafi’d  to 
compare  doui  to  tumor  volumes  ami  nnrnxil  struct urec 

Previously  reponed  models  of  organ- specific  radiation- induced 
cancer  incidence  tales  based  on  organ  equivalent  dose  lOEDi 
were  Used  to  detenu  utc  the  EAR  ol  secondary  uiuligiiancic.s  for 
photon  and  proton  plans  OED  If  a  tool  used  l»  desenbe 
nidi  it  km  induced  malignancies  for  tmnomform  do**  distributions. 
1~he  organ -^ecific  cancer  incidence  rale  was  calculated  according 
to  the  equation.  t,rt*  —  Vny^,  where  /-rf  is  the  organ 

specific  cancer  incidence  me  for  a  low  dose  (EAR  per  lO.dOO  pu 
ncnWyear/Gyl.  D  is  die  total  dote  administered.  e  b  the  ha**  of  die 
natural  logarithm,  and  Ucwj  »san  organ- specific  cell  '.lenljzauon  pa 
i  a  meter.  Hie  Uf-D  tor  rishuti  on -induced  caucer  was  oak  ululcd  ac¬ 
cording  to 

OEDm,  i  V  D,t  ‘<Vi 

jVM 

where  The  stun  is  taken  over  N  dose  calculation  points,  ThU  ap¬ 
proach  has  been  previously  described  in  detail  by  Schneider  et  al. 
1 16- 1  Hi.  Calculated  p  red  ic  led  values  for  secondary  malignancies 
were  compared  with  tumor  registry  [H ipul  ji sim  bawd  report*  of 
the  EAR  of  secondary  solid  cancers  among  testicular  cancer  survi¬ 
vors  auk 

Statistical  analysis  was  performed  using  Microsoft  Excel  for 
Windows  (Mi  an  soft  Office  Excel  2003  version).  A  poured  t  test 
was  uted  u>  evaluate  differences  between  pairwise  comp  an  sons. 
A  two  tailed  p  value  was  used,  with  datrsticaE  significance  defined 
as  a  p  value  of  =£0.05. 

RESULTS 

Among  the  study  population.  the  mean  age  wav  31  years 
old  (range,  22— fK  years)  (Table  I ).  Patients  hud  stage  pTl 
(M  palienti )  or  pT2  1 2  puticnLvl  disease  ( American  Joint 
ComttuLtee  tai  Cancer.  Testis.  In  AJCC  Cancer  Staging 
Munud.  Seventh  Edition.  Chicago,  II:  Springer;  2011),  pp. 
469-78,1.  Seven  patients  hud  right  sided  primary  testicular 
seminomas,  whereas  3  patients  hud  left-sided  tumors. 

All  photon  and  proton  pians  provided  acceptable  and 
comparable  target  volume  coverage-  Although  dost  distribu¬ 
tions  for  proton  plans  were  typically  tnure  homogenous 
thiuiighoLii  the  target  volumes  than  photon  plans,  this  differ 
eucc  did  not  nppearto  be  clinically  signthcanl.  Furthermore, 
no  large:  or  mm  target  volume  received  >114%  of  ihc  pre 
scribed  dose  in  any  phoum  or  pn>|on  plan. 


Vidumc  KiNutnhct  t.  2112 


Table].  Pattern dwtuxcrtmci 


Pali  eat 
n  umber 

Patient 
age  (years) 

T  stage* 

Side  of  primary 
tumor 

1 

31 

pTl 

RigJii 

2 

35 

PT2 

Uft 

3 

34 

Pri 

Right 

4 

31 

pTl 

Right 

5 

IS 

(>T] 

Uft 

6 

3K 

pli 

Left 

7 

22 

pTl 

Right 

8 

4H 

pTl 

Right 

9 

23 

PT2 

Right 

10 

2S 

pTl 

Right 

*  Amen  can  Joint  Committee  on  Cancer. 


Overall  proton  plans  had  superior  dose  conformality,  wilh 
significant  sparing  ul  miAL  normal  tissues  examined  (Fig.  1). 
Among  OARs  examined,  die  larged  absolute  difference  m 
mean  Jom:  between  proton  and  photon  plans  was  observed 
for  the  stomach  (Table  2),  Compared  with  photon  radiation, 
proton  radiation  signilicantly  reduced  the  mean  dose  to  the 
stomach  (I 19  cGy  vs.  768  cCJy.  respectively;  p  <  0.000 1 1 
(Fig.  2).  Prologs  also  achieved  respective  signilieanL  reduc¬ 
tions  in  mean  doses  to  the  pancreas  1 1,697  cCy  vs.  L99I 
cGy;p  -  0.00021.  large  bowel  (352  cGy  vs.  651  cCiy:  />  = 
0,0015),  and  liver  (33  cGy  vs.  3BcGy;p  =  0.0006).  The  av¬ 
erage  maximum  point  dose  to  the  large  bowel  was  also  lower 
w  iLh  prolms  (2,6 3  H  cGy  vs.  2.732  cG y;p ^  0.(JO%).The ma.v- 
imum  doses  lo  the  live*r  l2, 1 41  cGy  vs.  2591  cGy  p  -  O.tJbhy  I 
and  stomach  (2, 147  cGy  v>.  2.67K  eGy;  /i  =  0,0791)  LrcikJcd 
lower  wilh  prolons.  while  no  ditie tence  was  obsened  lor 
the  pancreas  1 2,634  cGy  vs.  2,657  ctiy:  p  -  0.4072).  Both 
the  mean  (tl  eGy  Vi*  J  cG>r:  p  -  0.0304)  and  the  maximum 
(11  eGy  vs.  51  eGy;  p  =  (1.0071)  doses  to  the  bladder 
were  lower  with  proton  therapy,  although  the  iliflerenees  be¬ 
tween  ihcse  doses  wire  tiol  climcally  signifteanL  Tfvcre  were 
no  differences  in  mean  or  maximum  doses  received  by  die 
kidneys  he: ween  die  two  treatment  modalilics, 

Previously  reported  tumor  registry  population- based  stud¬ 
ies  of  EAR  of  second  solid  cancers  revealed  that  for  pauenLs 
diagnosed  with  seminoma  ai  age  35,  the  cumulative  ri.sk  of 
solid  cancer  40  years  later  was  36% T  compared  with  23% 
lor  [he  general  populuibn  (10),  Emm  among  the  9551  les- 
[  icu  I  u  r  cancc  r  1 0-  year  s  urv  i  vi  irs  reported  by  c  anccr  reg  i  slries 
from  Denmark.  Finland,  and  Norway  and  the  National  Can 
Cer  Institute  s  Surveillance,  Epidemiology,  and  End  Results 
Program  (1(JL  we  estimated  8.9156  pahenis  received  radio- 
therapy  alone  based  on  rjlios  of  relative  risks  and  reported 
numbers  of  second  solid  minors  for  patients  treated  w  ith  ra¬ 
diotherapy  alone. che  nvthcrapy  alone,  and  radiotherapy  and 
chemotherapy.  Using  models  of  organ -spcci tic  radiabun -in¬ 
duced  cancer  incidence  rales  In  cfcteiTriine  the  EAR  of  sec¬ 
ondary  malignancies,  w  c  predict  6.94  excess  bladder,  large 
bowel,  pancreas,  and  stomach  secondary  malignancies  per 
1 0,000  patients/year  from  photon  radiotherapy  lo  the  para¬ 
aortic  region  (Table  3).  Based  on  this  calculation,  fora  pop 
illation  of  ICl.fXKl  patients  followed  for  4(1  years  after  photon 
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Fig.  ! .  Re  present  at  Lve  treat  Lite  nt  p  la  mil  ng  images  L  n  axial  p  Lanes  for  (A )  p  hoton  therapy  and  (B )  proton  therapy,  as  we  Ll  as 
sagittal  planes  for  (C)  photon  therapy  ajtd  (D)  proton  therapy. 


therapy,  we  predict  27  H  rudia  li+iia  -  induced  its -field  excess 
solid  secondary  malignancies.  Rtr  a  population  of  H„yH6  pa¬ 
tients,  therefore,  we  predict  249  such  secondary  malignant 
cies.  This  prediction  compares  very  favorably  with  the  246 
in -field  excess  solid  secondary  malignancies  reported 
among  the  actual  E,9H6-patienL  cohort  receiving  photon  ra¬ 
diotherapy  described  by  Travis  eL  ai.  (10). 

Signi f ican  Jy  more  excess  secondary  malignancies  per 
10, (MM)  patients/year  were  predicted  w  ith  photon  Lhan  proton 
therapy.  When  assessing  OARs  in  the  treatment  field  previ¬ 
ously  reported  to  be  at  increased  risk  for  developing  second¬ 
ary  malignancies,  respectively  higher  rates  of  secondary 
cancers  were  predicted  wiLh  photons  Lhan  with  protons  for 
the  stomach  (5.21  vs.  1.10;  95%  Cl,  3.22-5.01 ),  large  bowel 
(1. 1 2.  vs.  0.31;  95%  Cl  0.39-1.01),  and  bladder  (0.03  vs. 
0.00;  95%  Cl,  0.01-0. 5  H),  whereas  no  respective  differences 


went  predicted  for  the  pancreas  (0.5 8  vs.  0.56;  95%  Cl, 
-0.01  to  0.06).  3n  total,  we  predicted  4.97  (95%  Cl*  3.99- 
5.97)  excess  .secondary  malignancies  per  10,(MM)  patients/ 
year  from  photon  therapy  compared  with  proton  therapy. 
For  patients  with  a  life  expectancy  of  40  years  from  die 
time  of  radiotherapy  treaLed  with  photons  instead  of  protons, 
1 9 B. HO  excess  secondary  malignancies  per  10,(MM)  patients 
are  predicted.  Therefore,  approximately  one  excess  second¬ 
ary  malignancy  per  50  patients  would  be  avoided  by  treating 
wiLb  protons  instead  of  photons. 

DISCUSS  IO  IN 

This  study  demonstrated  that  adjuvant  proton  radiother¬ 
apy.  compared  with  photon  radiotherapy,  significantly  re¬ 
duced  the  predicted  secondary  cancer  risk  for  patients  with 


Table  2.  Comparison  of  photon  and  proton  doses  to  normal  tissues 


Dose 

Bladder 

Large  bowel 

Liver 

Pancreas 

Stomach 

Mean 

Max’* 

Mean 

Max 

Mean 

Max 

Mean 

Max 

Meai 

Max 

Photon 

1 

51 

651 

2732 

313 

2591 

1991 

265? 

76ft 

267  ft 

Proton 

0 

1  1 

352 

261  ft 

33 

2141 

1697 

2634 

i  19 

2147 

p  value 

0-0304 

00071 

0  0015 

00096 

0.0006 

Q06ft9 

0.0002 

04072 

<0.000 1 

0  0791 

*  Max  -  average  maximum  point  dose  (cGy). 
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hi  g  2-  Comparison  of  ire  an  dnse  volume  histogram*  of  photon  [left  p and  i  and  proton  rnght  panel)  radiation  treatment 
plans. 


stage  I  seminoma.  Has  redm-tioo  was  greatest  for  radialioQ- 
induced  gastric  and  large  tkAvel  maligna  ncies.  A  red lion 
id  one  additional  secondary  cancer  ftr  every  50  patients 
with  life  expectancies  of  40  years  from  the  time  of  therapy 
treated  with  jrolofis  instead  of  photons  wus  predicted,  A 
high  degree  of  dose  homogeneity  was  achieved  for  all  plans, 
and  there  was  no  signilioantdincreficc  in  target  volume  cov¬ 
erage  between  photon  and  proton  plans.  Proton  therapy  in 
this  study  achieved  superior  normal  tissue  sparing  and  stg- 
nilicunLly  reduced  the  mean  doses  delivered  to  die  stomach, 
pancreas,  large  bowel,  liver,  and  bladder  Additionally.  the 
maximum  doses  delivered  with  pnrtons  were  significantly 
lower  |o  thr  large  bowel  and  bladder  and  trended  lower  to 
the  liver  and  stomach. 

Over  tin?  past  2  decades,  despite  reductions  in  radiation 
doses  and  treatment  fields,  due  to  concerns  lor  late  even  pli¬ 
cations,  many  practitioners  have  increasingly  offered  sur¬ 
veillance  or  angle-dose  carhop  I  atm  therapy  as  alternative 
adjuvant  courses  fer  stage  1  seminoma.  Appro ximalcly 
I5"S-  to  2(1^  of  unsebLied  patients  with  stage  I  seminoma 
who  undergo  surveillance  follow  inn  oiehieeiomy  develop 
disease  recurrence  [19),  Because  greater  than  ffl/%  of  re¬ 
lapses  occur  in  pani-aonic  lymph  nodes,  deferring  immedi¬ 
ate  adjuvant  therapy  and  administering  chemotherapy  or 
radiotherapy  upon  relapse  allows  for  successful  salvage  in 
most  patients  t  19).  However*  treatment  for  patients  w  ho  re¬ 
lapse  is  usually  mure  intensive  and  associated  wilhutC mused 
morbidity  <20  >  Mure  revet] l  risk -adapted  strategics  recom¬ 


mended  surveillance  only  for  low  risk  patients  committed 
to  long  lei  in  follow-up  with  stage  pT  I -T2  histologies, 
lack  of  tele  testis  mvasicm,  and  tumors  k‘vs  Lhan  4  cm  1 19- 
2l>+ 

Over  the  past  decade,  there  has  been  increasing  interest  in 
adjuvant  short -course  tarboplaiin  therapy.  Reports  from 
phase  11  trials  and  single- institution  retrospective  experi¬ 
ences  indicate  5 -year  mcurrerLce  rates  of  less  than  5 %  with 
adjuvant  carbopfiuin  treatment  (20.  22).  An  MKC  and 
European  Organization  for  Research  and  Trcutmcnl  of 
Cancer  trial  randtimi/cd  1,447  patients  with  stage  1 
seminomu  lo  one  course  of  carboplaiin  or  adjuvant 
radiotherapy  to  20  lo  30  Gy  in  200-cGy  daily  fractions 
primarily  to  the  para- aortic  region  (S,  9).  At  a  median 
follow -up  of  tyS  years,  there  was  no  difference  in  5 -year 
relapse -free  survival  rates  between  patients  who  received 
cai+mphitin  and  tho^:  w!k>  underwent  radiotherapy  |95^i 
vs.  96%.  respectively;  90^  Cl  0.83-1,89).  While  patients 
receiving  carboplatin  had  higher  rates  of  hematologic  toxic" 
i Lies,  patients  receiving  radiation  had  more  dyspepsia  and  an 
increased  tendency  for  acute  lethargy  and  time  oil  Work.  Ad¬ 
ditional  ly,  fewer  new  cases  of  contralateral  testic  ular  germ 
cell  cancers  were  observed  in  pa  lien  Ls  who  received  curbo- 
platin  therapy  {tl.4%  vs,  \1%*  respectively;  p  -  0.03 1 .  De¬ 
spite  these  promising  findings,  with  more  limited  long¬ 
term  data  than  adjuvant  radiotherapy,  earboplatm  is  ifcjsoci- 
a  led  with  an  uncertain  frequency  of  late  relapses  and  the 
need  for  more  rigorous  CT  surveillance  with  abdominal 


lable  3.  Predicted  secondary  malignancies  per  iti.UCJti  patients/year 


‘source 

B  bidder 

Large  bowel 

Pandas 

Stomach 

In-field  Vitals 

Photon  therapy 

010 

LI  2 

05tt 

52} 

694 

Proton  therapy 

0.00 

cm 

0256 

J.U1 

1,97 

Cxcess  mabgnancies  from  photons 

0.(13 

0.S1 

0.02 

4.11 

4.97 

95%  Cl* 

o.oi  -ass 

U,3*M.0I 

-0.01-  0.06 

3,22-5.01 

3,99-5.97 

*  Confidence  Interval  is  ex  pressed  as  l  he  range  or  predicted  excess  sec  and  ary  malignancies  per  lOjLAfl  patientsA  ear  from  photon  rudi  other 
apy  comp  j  red  wall  proton  radi-mlierafiv.  The  null  value  is  denned  ns  0,  with  ■qutwival  sigmlWaticc  arhicscd  fur  ail  ranges  net  overlapping  0. 


136 


Sofondtry  mihgn»nctoi  hr  pmiifi  v*.  pWm  nanuKvni  Hi  •  t '  ll,  Sows'*.  II  rrat. 


anJ  pelvic  CT  imaging  ui  every  visit  fur  up  in  10  years  1 20. 
21  L  The  radiation  exposure  from  this  more  frequent  CT 
surveillance  may  result  in  an  increase  in  secondary 
malignancies  (23  )„ 

Carhoplatin  also  poses  potential  risks  of  acute  nephrotox 
idly,  ototoxicity.  neurotoxicity.  and  gonadal  damage.  os  well 
as  tong- term  cardiac  disease  and  secondary  malignancies 
(10).  Population- based  cancer  registry  studies  of  patients 
primarily  treated  with  combi  nation  chemotherapy  reveal 
on  increased  risk  of  secondary  solid  malignancies  is  highest 
among  patients  receiving  both  chemotherapy  and  radiothcr 
upv  (RR  -  2.9;  95%  Ch  1.9  42).  with  similar  risks  for  pa 
tient.s  treated  with  rad  n  'therapy  a  kmc  \  RR  =  2.0;  95%  Cl. 
1.9-2. 2 )  and  with  adjuvant  chemuthcnipy  alone  iRR  -  I  .M; 
95%  Cl,  13  2,5)  ( 10).  Several  studies  also  report  increased 
risks  of  secondary  leukemias  and  mydudysplastic  syndrome 
following  chemotherapy  for  tes titular  cancer  (24.  25). 
Longer  follow -up  after  prospective  trials  is  needed  to  deter 
mine  the  risk  of  secondary  cancers  from  single-agent  curbo- 
plain]  therapy. 

Although  no  dimcol  trials  ur  published  data  c\iu  assess¬ 
ing  proton  therapy  to  treat  patients  with  testicular  nut  tig  nun 
cieii.  proton  therapy  may  represent  ti  viable  alternative  to 
photon  therapy,  surveillance,  and  eorboplatin  therapies  fur 
stage  l  seminoma.  The  dosimetric  advantages  of  pro  Lons 
demonstrated  in  this  study  might  improve  ihe  therapeutic  ra¬ 
tio  lor  stage  1  patients.  Based  on  historical  dose- response  re¬ 
lationships,  with  the  sign  ill  candy  lower  radiation  doses  to 
several  OARs  demonstrated  in  this  study,  patients  treated 
with  promt  therapy  may  have  improved  quality  of  life  and 
reduced  niie-s  of  acute  toxicides  previously  reported  in  semi¬ 
noma  patients  receiving  adjuvant  radiotherapy.  including 
nausea,  lethargy,  and  delay  in  return  to  work.  Longitudinal 
studies  comparing  normal  tissue  toxicities  from  photon  ver¬ 
sus  proton  radiotherapy  arc  needed  to  confirm  ihc  clinical 
significance  of  our  findings. 

While  this  study  evaluated  radiotherapy  as  the  primary  in¬ 
ducer  of  secondary  cancers  patients  with  testicular  malig¬ 
nancies.  particularly  seminomas,  are  at  increased  risk  fur 
dev  duping  subsequent  cancers,  legudlcxs  of  their  testicular 
cancer  treatment  course,  Fti bents  with  testicular  mttlignan- 
cics  undergoing  orchiectomy  alone  soil  have  an  increased 
risk  of  dev  doping  a  second  cancer  compared  w  ith  the  gen¬ 
eral  public  (3fo.  likely  from  increased  genetic  susceptibility 
lor  extr  agon  odul  secondary  tumors  in  this  patient  population 
(27 1.  By  comparing  one  type  of  radiation  therapy  to  another 
and  reporting  findings  as  an  absolute  excels  risk  of  seeing 
ary  malignancies  Ibr  one  radiation  Treatment  type  over  an¬ 
other.  We  have  attempted  to  Control  fur  this  increased 
genetic  susceptibility. 

Ttr  predicted  rates  of  secondary  malignancies  calculated 
in  this  study  were  hosed  on  previously  reported  tiunJcIs  of 
organ  sped  lie  radiation -induced  cancer  incidence  rates 
based  OJX  OED.  The  effect  of  radiotherapy  on  secondary  can¬ 
cer  risk  lur  stage  I  seminoma  patients  has  previously  been 
assessed  using  OHD  models  (27).  In  that  dosimetric  study, 
AP  PA  treatment  pious  with  6- MV  photons  were  predicted 
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to  rest 1 1  in  a  2t>.  K%  to  23.3%  risk  of  secondary  cancers  for 
a  75 -year-old  patient  treated  with  radiotherapy  to  the  para 
aortic  region  at  age  35.  compared  with  a  19.8%  risk  fur 
the  general  population. 

As  CT  simulation  images  u^cd  m  this  study  were  from  p,i 
lient-s  previously  treated  with  radiotherapy  to  the  para  aortic 
region  alone,  the  lack  of  images  encompassing  the  entire 
scrotum  and  total  lung  volume  limits  our  ability  to  predict 
secondary  cancer  rates  lor  these  organs.  Ol  the  king  volume 
imaged,  however,  die  mean  lung  volume  irradiation  was  sig¬ 
nificantly  lower  with  protons  than  photons  ip  <  0.01 ). 

The  model  u>cd  for  predicting  sec  in  da  ry  cancer  risk  does 
not  allow  Ibr  predictions  of  radiation- induced  leukemia  risk. 
While  a  significant  risk  of  treatment-induced  leukemia  has 
been  reported  following  adjuvant  chemotherapy  tRR_  5_Ul 
seminoma  patients  have  a  fiunsiguiticoni  increased  risk  of 
developing  leukemia  following  radiotherapy  (RE.  3.1 ),  and 
this  risk  is  lowest  among  patients  treated  after  1974  aiat 
whose  radiixhcrapy  Was  limited  to  abdominal  and  pelvic 
fields.  This  risk  of  leukemia  is  significantly  lower  than  the 
risk,  of  radiation- induced  solid  tumor  induction  (HI*  24). 

The  significant  risk  reduction  us  secondary  malignancies 
predicted  with  pan  on  radiotherapy  must  be  measured  re  I  a 
live  to  the  potential  risk*  for  neutron  tonlaminabon  that 
may  decrease  the  magnitude  of  benefit  ttf  proton  radiother¬ 
apy  in  preventing  secondary  malignancies.  However,  this 
study  demonstrated  a  2%  reduction  in  risk  of  gastric  malig¬ 
nancies  for  patients  with  Life  expectancies  of  40  yean  from 
the  time  of  proton  radiotherapy  compared  with  photon  radio¬ 
therapy.  Previous  studies  have  demonstrated  the  lifetime  at 
tri  humble  risk,  of  second  cancers  frum  neutron  dose  from 
proton  radiotherapy  to  be  approximately  0.2%  l2Ht  1  order 
of  magnitude  tower  than  die  bene  lit  predicted  na  this  study 
from  proton  radiotherapy,  To  further  minimize  the  risk  of 
neutron  eontamm a  lion.  This  study  used  scanned  proton  ther 
apy,  which  is  associated  w  iih  an  out-of- field  neutron  cquiv 
ale  til  dose  I  order  of  magnitude  tower  than  that  tor  passive 
scattered  proton  therapy  t29). 

Although  OEiD  may  better  Lake  into  account  inhumogcnc- 
ities  of  clinical  do  m:  distributions  in  organs  of  in  teres  u  this 
model,  which  use*  it  linear-exponential  function,  may  be 
subject  to  i jhv rent  errors  due  to  lack  of  accuracy  in  dose  re- 
construction  Ibr  patients  treated  in  the  more  distant  past  thal 
contributed  to  die  development  of  Lite  model  (17).  Further¬ 
more.  although  prevailing  dose- response  paradigms  for  set 
ond ary  cancer  induction  include  linear,  linear-exponential, 
and  plateau  models,  the  true  risk  of  radiation  induced  cam 
ecus  may  nut  perfectly  lit  any  such  model  and  may  lie  be¬ 
tween  linear  and  linear- exponential  models  (27). 
Therefore,  Lhe  accuracy  of  any  estimate  d  radiation 
induced  uncage  it  cm*  may  be  limited.  However,  the  I  incur - 
cxpivitnoul  model  wax  used  in  this  study  to  provide  aconscr- 
\  ativecsrimuie  of  secondary  cancer  risk,  as  the  predicted  risk 
with  this  model  is  lower  at  25,5  Gy  than  with  the  other 
models  t30k  furthermore,  predicted  secondary  malignan¬ 
cies  calculated  in  this  study  were  very  similar  to  Lhe  actual 
EiAR  of  second  solid  cancers  among  testicular  cancer 
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survivors..  based  on  pupil b Lion  based  reports  l  KM.  Longitu¬ 
dinal  studies  lire  needed  Lu  validate  the  predictions  from 
die  so  models. 

Various  methods  wen:  tted  to  minimize  hilts  in  ihe  pres- 
cni  study,  Ten  consecutive  patients  with  stage  J  seminoma 
were  included  to  minimize  sampling  bias.  All  contours 
were  performed  by  a  single  radial  ion  uneulogist  and  re¬ 
viewed  by  two  additional  radiatiun  ultOulogisLs.  SLaladard- 
ized  target  volume  expansions  were  used  for  all  plans. 
Beam  range  compensators  and  blinking  relative  to  FTV^h* 
to  account  for  beam  properties  and  range  uncertainties  for 
proton  plans  were  used  for  all  plans  and  nut  optimized  on 
a  pa iK-nt- by- patient  basis,  There  was  a  high  correlation  be 
tween  PTVp^,^  volumes  irradiated  and  die  superior,  inle- 
riur,  and  lateral  extents  of  photon  2D  volumes  irradiated. 
As  the  aorta  and  common  iliac  vessels  were  used  as  surro¬ 
gates  fur  para  aortic  lymph  node  positioning,  there  was 
less  correlation  in  u  lew  patients  with  more  lateral i/cd  vas¬ 
culature.  In  these  patients,  the  widths  of  irradiation  volumes 
w  nil  proton  plans  W  as  similar  to  that  fut  photon  pilaus,  but  the 
centers  of  the  fields  were  shilled  laterally  in  proportion  to  the 
displacement  of  (he  vessels  from  the  midline,  particular!}1  in 
the  cranial -most  portions  rf  proton  target  volumes.  In  none 
of  the  patients  was  this  shift  greater  than  2,7  cm  from  the 
midline-  As  the  level  of  bifurcation  of  the  acuta  and  location 
of  the  aorta  arid  common  iliac  vessels  relative  tu  the  midline 
are  patiert  dependent  factors,  conside ration  should  be  given 
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to  design  treatment  tu  iiLx.ammudu.te  anatomic  features  of  in¬ 
dividual  patients  when  using  vasculature  as  lymph  node  sur¬ 
rogates. 

Furthermore,  the  volumes  treated  with  proton  therapy  in 
this  study  corresponded  welt  with  the  distribution  of  ninJal 
spread  from  testicular  malignancies.  based  on  historical  re¬ 
ports  of  lymphangiographies  and  lymph  node  dissections 
|3K  32  l  Additionally,  no  sigtnticani  differences  in  target 
volume  coven ge  were  demonstrated  between  photon  and 
prolon  plans,  thus  minimizing  bias  when  comparing 
dosimetry  between  plans,  Despite  these  measures,  as  with 
any  retrospective  ssudy  {33X  it  is  possible  that  bias  existed 
in  the  current  study  that  may  have  favored  a  certain  tie  of- 
meat  strategy. 

CONCLUSIONS 

Compared  with  photon  radiotherapy,  prutixi  radiotherapy 
reduced  the  mean  doses  delivered  to  must  normal  organs  ad¬ 
jacent  to  Lhe  nidi ati 011  treatment  tic y  lor  patients  with  stage  1 
seminoma.  Proton  therapy  also  reduced  die  predicted  inci¬ 
dence  of  radiation  in Jueed  secondary  malignancies.  These 
findings  served  us  Che  basis  fur  pursuing  the  feasibility  and 
Phase  11  study  anticipated  to  open  at  the  University  of  Penn¬ 
sylvania  Roberts  Proton  Facility  in  early  301 1  that  will  as¬ 
sess  adjuvant  proton  radiotherapy  lor  the  treatment  of 
patients  with  stage  1  seminoma. 
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Purpose-  To  apply  the  dual  ionization  chamber  method  for  mixed  radiation  fields  id  an  accurate 
comparison  of  the  sccoiufary  neutron  dose  arising!  from  the  use  of  a  tungsten  alloy  multileaf 
collimator  iMLCj  as  opposed  Ld  a  brass  collimator  system  for  defining  the  shape  of  a  therapeutic 
pro  tun  field. 

Methods:  Hytkogenoui  aid  nonhydrogenou*  ionization  chamber  were  constructed  with  large 
volumes  to  enable  measurements  of  absorbed  dose*  below  10  4  Gy  in  mixed  radial  ion  fields  using 
the  dual  ionization  chamber  method  for  mixed -he  Id  dosimetry.  I'icutron  dose  measurements  vsere 
made  With  a  nominal  230  McV  proton  beam  incident  on  a  closed  lutigslen  alloy  MLC  and  a  solid 
bnusv  block.  The  chambers  were  cm  uveal  ifc  rated  against  a  “Ccwtalibniicd  Fanner  chamber  in  water 
using  a  6  MV  x-my  beam  and  Motile  Carlo  stmuiarims  were  performed  to  account  fer  variations  in 
ionization  chamber  response  due  to  differences  in  secondary  neutron  energy  spectra, 

Results:  The  neulrcm  and  combined  proton  plus  fTIty  absorbed  doses  arc  shown  to  be  nearly 
equivalent  downstream  Ifdtrt  either  a  dewed  tungsten  alloy  MLC  or  a  solid  brass  block.  At  ID  cm 
downstream  from  the  distal  edge  of  the  collimating  materia!  the  neutron  dose  from  the  closed  MLC 
w  as  i53  ±  0.4}  ■  10"  5  Gy/Gy .  The  ncutmn  done  with  brass  was  (6.4  t  (K7)  x  |0“ 5  Gy/Cry,  Further 
from  the  secondary  neutron  source*  at  50  cm,  the  neutron  doses  remain  close  for  both  the  MLC  aid 
brass  block  ai  {6.M  ±  0.6  i  x  10  *Gy/Gy  and  163  ±  CL7>  x  JO  Gy/Gy*  respectively, 
t  iHiclusJons:  The  dual  ionmikni  chamber  method  is  suitable  lor  measuring  secondary  neutron  doses 
resulting  Irom  proton  irradtiition.  The  results  of  measurements  downstream  from  a  cloned  tungsten 
alloy  MLC  and  a  brass  Hock  indicate  that,  even  in  an  overly  pessimistic  worst -case  scenario,  second- 
ary  neutron  production  iu  a  tungsten  alley  MLC  leads  to  abserbed  doses  that  arc  nearly  equivalent  to 
those  seen  fram  brass  coHunaturs.  Therefore,  the  choice  of  tungsten  alloy  in  c  Lin  struct  mg  the  leaves 
of  a  proton  MLC  is  appropriate*  and  dues  not  lead  to  a  substantial  increase  tn  the  secondary  neutron 
dose  to  the  pot  lent  compared  to  that  generated  in  a  brass  ooQkdur,  ©20/7  American  Association  of 
Physicists  in  McfScrnt.  IDOL  10,1  UWl 3656025} 


I.  INTRODUCTION 

In  recent  years.  must  effort  in  measuring  secondary  neutron 
doses  in  proton  therapy  has  focused  on  estimating  the  dose 
to  the  patient  outside  of  the  treatment  held  cither  laterally  ot 
beyond  the  spread  out  Bragg  peak.  Stcutukry  neutrons  pro¬ 
duced  by  mteracltons  of  the  proton  field  with  beam  modify¬ 
ing  devices  fc,g„  double  raftering  system,  beam  shaping 
collimators,  and  range  compensators)  and  the  pattern  have 
been  studied  by  mam-  authors.1  ■  1  These  secondary  neutrons 
are  responsible  for  whole  body  irradiation  u I  high  LET  par¬ 
ticles  at  low  d me  levels  where  the  long  term  effects  are  not 
fully  understood.- J  "  Consequently.  there  is  some  concern 
of  radiation- induced  secondary  cancers  in  patients  treated 
therapeutically  with  protons. 

These  concerns  art  also  important  when  using  a  mu  It  ileal 
colli  manor  (MLC)  in  place  of  brass  or  LipowitrV  metal  colli^ 
matnrs  because  of  the  effect  that  the  MLC  may  have  on  sec¬ 
ondary  neutron  dose.  Moyers  cl  u/.J<i  found  that  most 
secondary  neutrons  are  produced  in  the  final  collimator  of  a 
passive  scattering  proton  system  Tayama  cr  4i/.H  measured 
secondary  neutron  drove  from  a  passive ly  scattered  proion 
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bean  and  determined  that  adjustment  of  the  aperture  diamc- 
ter  of  a  brass  MLC  precollimaior  can  reduce  the  neutron 
dose  equivalent  outside  of  the  treatment  field  Taddei  ft  at ]  1 
found  a  reduction  in  neutron  equivalent  dose  through  Monte 
Carlo  simulations  replacing  the  brass  final  collimalor  with  a 
tungsten  collimator  of  the  same  thickness.  Brenner  a  ai{  1 
used  Monte  Carlo  simulation  to  study  changes  in  neutron 
dose  as  a  function  of  cnllknalnr  material  and  ihicknc.es. 
Daartz  et  used  a  Bonner  sphere  to  measure  an  increase 
of  up  to  two -fold  in  neutron  equivalent  dose  when  using  a 
tungsten  MLC  in  place  of  a  brass  final  collimator 

In  the  present  puper  wc  arc  interested  in  comparing  the 
secondary  neutron  dose  arising  from  the  use  of  a  tungsten 
alloy  MLC,  which  is  in  use  on  the  double  .scattering  and  uni¬ 
form  scanning  beam  lines  at  the  Unh-cnity  of  Pennsylvania 
Roberts  Proton  Therapy  Center,  l u  a  bras*  cuHimalur  system 
for  defining  the  lateral  field  shape.  We  have  measured  neu¬ 
tron  absorbed  dose  due  to  a  pmuin  beam  of  the  highest 
energy  available  from  our  cyckknm*  Measurements  were 
perfomicd  downstream  If  uni  a  closed  tungsten  alloy  MLC  cc 
solid  brass  block.  This  is  an  extreme  case  which  does  nut 
represent  a  realistic  clinical  situation.  but  offera  the  best 
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geometry  Fer  making  a  quant  dative  com  parts  on  nf  second  ary 
neutron  prod  union  for  a  tungsten  alloy  MLC  and  brass  colli¬ 
mator  system. 

Bused  un  nuclear  cross-sections  f«  proton  neutron  inter¬ 
action*  in  tungsten  <v  brass,  one  would  expect  tungsten  to 
produce  the  greater  neutron  flux.  However,  when  construed 
mg  the  MLC  it  is  necessary  to  use  a  thickness  of  tungsten 
alloy  equivalent  to  slightly  greater  than  twice  the  range  of 
the  highest  energy  pm  tons,  because  the  leaf  design  must 
incorporate  side-  and  md-steps  to  prevent  interleaf  leakage, 
In  a  solid  brass  unlhmator,  a  thickness  equivalent  to  jest 
over  one  proton  range  t,  used  and  the  thickness  tan  be 
adjusted  according  to  the  energy  of  the  incident  protons. 
Although  more  neutrons  are  pr Sliced  in  a  tungsten  alloy 
MLC.  due  to  increased  thickness  there  is  substantial  self 
attenuation  1  '  of  the  neutron  flux  which  is  not  present  m  the 
thinner  brass  collimator,  the  difference  being  particularly 
pronounced  at  the  highest  piuttifi  energies, 

Previous  efforts  aimed  at  measuring  the  out-nf -field  neu^ 
tron  doses  produced  by  a  therapeutic  proton  beam  have 
employed  instruments  that  arc  traditionally  used  in  a  radia- 
non  protection  setting  such  os  Bon  tier  spheres,  long  conn- 
lera/n  sc  i  no  1 1 j  ion  counters.  °  superheated  neutron  huhNe 
detectors/1  or  foil  activation  techniques,1'  Measurements 
with  these  kistnimenLs  are  reported  io  terms  of  dose  equiva¬ 
lent  (Sv),  which  is  a  product  of  the  absorbed  dose  (Gy)  and  a 
neutron  energy-dependent  radiation  weighting  tad  or.  Often 
conniBdil  devices  are  used  for  these  metis urementx  with 
vendor  supplied  calihratirei*  that  give  no  specifics  of  the 
radiation  wrighting  farters  used.  Bonner  spheres  employ  a 
boron  tr [fluoride  (EE*)  or  'He  hik'd  Counter  to  detect  neu¬ 
trons  which  have  been  tlicmuh/cd  by  □  thick  polyechy lene 
moderator.  The  sue  of  the  moderator,  which  must  he 
increased  to  accommodate  higher  energy  neutrons,  therefore 
limits  their  spatial  re  so  tut  leu.  Although  neutron  Nubble 
detectors  can  have  good  spatial  rrsoJution.  their  accuracy  is 
flvtiitically  constrained  by  the  maximum  number  of  bubbles 
that  can  be  reliably  counted,  a  number  that  is  on  the  order  of 
l  fiO  bubbles  per  exposure/1*-11  The  energy  response  of  these 
detectors  is  often  limited  and  they  are.  thmfore,  expected  lo 
under -respond  to  the  secondary  neutron  dose  produced  by 
high  energy-  therapeutic  proton  beams  (^-230  MeV),  since 
these  beams  contain  large  numbers  of  high  energy  neutrons, 
Typically  Bonner  spheres,  long  counters,  and  bubble  detec¬ 
tors  respond  to  neutrons  with  energies  up  to  10-20  MeV. 
Recently,  survey  instruments  have  been  developed  with 
extended  energy  response,  Such  instruments  include  a  Bon¬ 
ner  sphere^  and  a  long  counter  “  with  modified  moderator, 
and  an  instrument  based  on  scintillation  counters.  ^  These 
devices  have  large  volumes  and  therefore  poor  spatial  reso¬ 
lution  and  the  uncertainties  in  their  calibration  I  actors  can  be 
considerable. 

The  measurements  of  Bhtn*  ft  of,1  used  a  tissue - 
equivalent  proportional  counter  iTEPC)  to  study  the  micra- 
dosimeiric  spectra  resulting  Iron  pro  tun  interactions  with 
the  dose  delivery  system.  Such  measurements  have  the 
advantage  of  providing  ibnrbd  dnse  measurements  as  a 
function  of  lineal  energy',  This  can  then  he  used  to  assign 
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appropriate  radiation  weighting  factors  or  relative  biological 
effectiveness  (RBE)  for  calculating  dose  equivalent  in  Sv  tr 
Gy(RBE)/  While  a  commercial  instrument  is  available 
which  iracarportfcs  a  TEPC  and  multichannel  analyzer  in  a 
single  portable  do  sice  iRF-M  300,  Far  West  Technology, 
hie,.  Gotta,  CAfl  this  instrument  lacks  the  spectral  dynamic 
range  that  is  required  for  precision  mitrodosi metne  meas¬ 
ure  men  Is  Precise  measurements  require  careful  control  of 
gas  pressure  in  the  TEPC  and  the  u?te  of  2-4  amplification 
channels  to  acquire  the  entire  signal  dynamic  range.  It  is 
likely  due  to  thr  increased  challenge  these  difficulties  pres¬ 
ent  that  this  method  has  not  been,  widely  pursued  for  meas¬ 
uring  secondary  dose  in  proton  therapy  fields. 

Ion  i/at  ion  chambers  such  as  those  thui  are  routinely  used 
in  radiation  therapy  dosimetry  and  quality  assurance  would 
tend  to  alleviate  these  issues  were  it  not  for  the  large  back¬ 
ground  of  leakage  proton*  passing  through  the  ittciieaf  gap* 
of  the  MLC  and  y- -rays  induced  through  ip.yl  and  (re;)  rcac- 
twns,  These  chambers  are  typically  constmcted  of  tissue- 
equivalent  iTE}  ttilb trials,  and  respond  to  neutrons,  protons, 
and  y-rays  with  equivalent  .sensitivities.  However,  the  neu¬ 
trons  display  different  LET  and  radiation  Weighting  factors 
from  the  proton*  and  y-mys.  wj  their  respective  dose  contn* 
batknx  must  he  separated  in  some  way. 

We  detenu ine  the  absorbed  neutral  and  combined  leak¬ 
age  proton  plus  y-tay  (p  +  y)  ahsurbed  doses  directly  by 
means  of  a  dual  ionization  chamber  method  originally  devel¬ 
oped  as  a  mixed -field  dosimetry  technique  used  to  se prate 
the  neutron  dose  from  the  background  neutron -induced  '-ray 

dose  in  fast  neutron  therapy  beams/'-  An  advartage  of  the 
technique  is  that  it  determines  absorbed  dose  and  allows  the 
user  to  input  appropriate  radiation  weighting  f acton  or  RBE 
in  calculate  dose  equivalent  or  RBE-weighted  dose,  respec¬ 
tively.  In  this  technique,  two  ionization  chambers  with  dif- 
ferert  sensitivities  to  the  two  types  of  radiation  are  used  la 
evaluate  tile  separate  absorbed  doses  of  neutrons  and  y-rays. 
The  contribution  from  tntefleaf  leakage  promts  to  the 
absorbed  dose  cannot  he  separated  (Him  that  due  to  y-niys, 
hut  this  has  little  impact  because  the  RBE  of  protons  and  y- 
rays  are  relatively  close  and  generally  small  compared  to 
that  of  neutrons.  '"The  chambers  are  cctisinrcted  to  have 
approximately  the  same  sensitivity  to  protons  and  y-nys, 
while  one  of  the  two  js  designed  lo  he  relatively  insensitive 
to  neutmns  compared  In  the  other.  This  was  accomplished 
by  construe  ling  one  chamber  usmg  materials,  that  closely 
mimic  the  t tone  response  of  tissue  exposed  Lu  proton,  y-ray* 
and  neutron  radiation:  for  neutron*,  this  ideally  requires  the 
chamber  wall  and  gas  in  simulate  the  atomic  composition  of 
Lksuc  exactly.  In  practice,  this  is  not  possible  in  a  solid 
material  and  matching  hydrogen  cun  tent  (i.c.,  using  hydroge¬ 
nous  materials)  is  a  good  compromise  since  most  of  the 
neutron  kemui  trig  into  es  from  (rep)  elastic  scattering  mtcr- 
actions/1"  In  contrast,  the  other  chamber  is  const  me  ted  using 
materials  with  relatively  low  neutron  interaction  crosa- 
scc turns  usmg  nenhydrogenous  and  higher  atomic  num¬ 
ber :  7.)  materials!. 

The  absorbed  dose  nf  secondary  neutron  or  p+v  radia¬ 
tion  downstream  of  a  closed  collimator  or  outside  of  a 
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therapeutic  proton  beam  is  expected  to  be  in  the  range 
Q,0t%-O-5%  of  the  primary  open,  field  proton  do.se 
depend  big  on  the  delivery  mode  tc.g_+  seat  ten  tie  ttf  scan¬ 
ning  K  Collection  volumes  of  com  me  re  tally  available  n  mira¬ 
tion  chamber*  suitable  for  use  in  the  dual  itni  ration  chamber 
method  arc  on  the  erder  of  J  cm1.  The  charge  collected  in  a 
Volume  of  this  sue  for  doses  on  the  order  of  0.2  mGy  may 
there fbrc  be  as  low  as  5  pC.  With  a  measured  leakage  charge 
of  2-4  pC  over  the  elapsed  time  of  dn*e  delivery,  ihe  second¬ 
ary  radiation  signal  is  easily  last  in  the  noise  due  to  current 
leakage.  Therefore,  we  have  designed  and  built  a  set  of 
larger  volume  ionization  chambers  ih  J  increase  the  charge 
collection  efficiency  to  an  extent  that  exceeds  the  signal  to 
noise  ratio  limi&  imposed  by  the  leakage  current  For 
instance,  with  a  tenfold  increase  in  chamber  volume  over 
commercially  available  chambers  and  with  reproducible 
charge  leakage  in  the  range  of  2-4  pC,  we  c  stall  air  that 
doses  as  low  as  0,2  mGy  cun  tv  measured  wilh  an  accuracy 
of  appms  an  ately  &*%- 

II.  METHODS  AND  MATERIALS 

In  ihe  dual  chamber  method,  the  two  chambers  are  first 
calibrated  in  a  reformer  photon  field.  When  placed  at  ihe 
same  point  in  a  mixed  field  each  exhibiLs  an  independent 
response  according  La  its  relative  sensitivity  to  neutrons  and 
p  +  y  radiation.  Tfie  Jose  responses  of  the  chambers  cam  he 
described  as  a  simple  sum  of  the  products  of  their  sensitivity 
to  the  separate  types  of  radiation  with  the  dose  due  to  the  re* 
spec  Live  radiation.  In  the  following  we  will  assign  the  sub¬ 
script  T  to  the  chamber  designed  to  have  equal  sensitivity  tt> 
both  neutrons  protons,  and  7-rays  and  we  will  avtign  U  to 
the  chamber  designed  to  have  lower  relative  neutron  sensi¬ 
tivity.  In  the  mixed  field,  the  ratio  of  the  dosimeter  responses 
with  their  sensitivities  lu  the  photon  field,  used  for  calibra¬ 
tion,  /ft  aid  R'Lr,  ore  given  by 

Rf  ~  +  hrBfH.lT  ( 1} 

and 

=  &&&*  +  kyDp+f,  (2) 
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in  units  of  absorbed  dose.  The  parameters  k  and  h  are  the  re¬ 
spective  sensitivities  of  the  dosimeters  to  neutrons  and  p  +  y 
radiation  relative  to  their  sensitivities  to  the  p Intern  field 
used  for  calibration.  There  the  absorbed  dove  b  water  from 
neutrons  and  p+y  radiation.  Dn  and  />r  ,  r  is  obtained  by 
so  king  Etp.  1  I  ■  and  i  2 1. simultaneously 
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The  two  conponerts  of  dose  as  they  arc  presented  in  Fqv 
(3)  and  (4)  depend  on  the  relative  sensitivities  of  the  cham¬ 
bers  to  p  +  7  and  neutron  radiation. 

To  implement  the  dual  chamber  method  we  have  built  a 
chamber  living  TF  materials  with  nearly  equal  proton.  y*ray, 
and  neutron  sensitivities  and  a  second  chamber  constructed 
using  higher  7.  matenaJ  to  obtain  a  lower  sensitivity  to  neu¬ 
tron  radiation.  Both  were  based  on  a  thimble -type  ionization 
chamber  design,  providing  an  active  volume  of  9. 14  cm\ 
The  walls  of  the  ioraratmn  chambers  arc  0318  cm  thick 
with  an  inner  diameter  of  1.91  cm.  Fig  l  A  Rcxoiite  1422 
lC-Lcc  Plastics,  Philadelphia,  PAl  polystyrene  base  supports 
the  outer  shell  Lhc  electrode,  and  ihe  guard  ring  which 
reduces  leakage  current  between  the  cuter  shell  and  inner 
electrode,  The  polystyrene  base  also  provides  an  inlel  and 
outlet  port  to  the  ionization  chamber  for  gas  flow  through  the 
active  volume.  The  gas  How  is  metered  using  an  adjustable- 
rate  flow- me  ter  at  a  rate  low  enough  to  ensure  that  air  is 
completely  flushed  from  the  system  without  increasing  the 
ch  sober  above  atmosfiieric  pressure  A  thin-waJlod  di¬ 
ameter  aluminum  stem  attached  to  an  aluminum  base  pro¬ 
vides  a  means  of  supponitig  the  chamber  in  lhc  radiation 
field  as  weO  as  rooting  the  tri- axial  cable  and  the  1/1 6"  PVC 
tubing  that  is  used  to  provide  gas  flow,  The  TF  chamber  wa* 
constructed  with  the  outer  shell,  the  kner  electrode,  and  the 
guard  ring  composed  of  A-15DTE  plastic.  1  Methane -based 
TE  gas  '  How's  through  the  chamber's  active  volume.  For  the 
nonhydrogenous  chamber,  magnesium,  and  argon  were  the 
wall  material  and  gas  of  choice,  respectively,  due  to  their 
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relatively  low  neutron  interaction  cross-sections.  The  con- 
sLractitn  of  this  chamber  is  identical  to  the  TE  chamber 
except  thill  the  magnesium  components  have  been  suhsti- 
tilled  f«  the  A- 1 5(1  TE  pkstic  components. 

The  chambers  were  atKs- calibrated  attain  si  a,  w;iCi>cali- 
b  rated  Exradin  A 12  {Standard  Imaging.  Middleton.  WI) 
Farmer-type  ionization  chamber  (0isS  cm1  active  volume | 
Using  the  6  MV  x-ray  beam  of  a  Vartan  Onac  i.X  (V iff  cut 
Medical  Systems.  Palo  Alto,  CA  i  linear  accelerator  Tit  large 
volume  chambers  wen:  placed  in  313  mm  thick  waterproof 
PMMA  sleeves  within  a  30  x  30  ■  30  an  w  ater  phantom  with 
0.5  cm  thick  PMMA  walls  al  an  SSD  of  100  cm.  w  ith  the  s- 
ray  beam  delivered  horizontally.  Readings  were  taken  at  a 
depth  of  10  cm  with  suibiii^ed  gas  (low  through  the  large  vol¬ 
ume  chambers,  The  F.xradin  A 12  readings  were  corrected 
with  the  Jt-my  beam  quality  factor.  £p=  0,994,  which  was 
determined  using  the  beam  quality  specification  procedure  of 
Almond  et  a/_J|  Additional  corrections  lor  leakage  current, 
temperature  and  pnaairc  cun  a  hum.  polarity  effects,  ion  col 
lection  efficiency,  and  the  electrometer  calibration  factor  were 
applied  to  all  chamber  readings.  Table  \  show  s  active  volumes 
and  calibration  factors  for  the  dosimeters. 

Dual  chamber  measurements  were  made  in  air  tu  compare 
the  secondary  neutron  dose  for  tungsten  alloy  did  brass  col- 
I  i  mat  i  its,  All  measurements  of  secondary  nidi  noon  dose 
from  tungsten  alloy  were  done  with  the  MLC  fully  closed. 
Fig.  2|a).  Measuronents  with  brass  were  completed  by  plac¬ 
ing  a  1 2  an  diameter  aid  65  cm  thick  cylindrical  brass 
blctk  directly  downstream  from  the  MLC  with  20  open  leaf 
pair*  cf  I  he  MLC  teach  of  physical  wi±h  4.35  mm  anti 
roughly  9  cm  thick  >  forming  an  8,7  cm  diameter  circle.  Fig, 
2fb i,  An  unmodulated  proton  beam  with  kinetic  energy  of 
230  MeV  was.  delivered  in  uniform  scanning  mode  With  no 
lateral  deflection  and  with  all  tram -line  scattered  removed 
so  thul  the  neutron  pruJucuon  would  be  confined  to  ihe 
MFC  ew  brass  colhmator  material,  Readings  were  taken  with 
the  chambers  placed  at  jsocenlcr  10  cm  from  the  distal  edge 
of  the  closed  MLC  or  brass  block.  To  obtam  a  comparable 
neutron  source  to  detect ur  distance  and  accounting  for  the 
difference  in  collimator  thickness,  r callings  were  also  taken 
50  cm  downstream  from  the  proximo]  edge  of  [he  closed 
MLC  or  brass  block.  Gas  flow  through  the  chambers  was 
allowed  to  stabilize  at  the  some  flow  rate  used  for  calibration 
and  chamber  readings  were  turret  ted  Ibr  all  previously  men- 
tidied  effects. 

The  proton  beam  used  in  this  study  was  characterized 
with  film  and  ionization  chamber  measurements.  Lateral 
beam  dose  profiles  with  the  MLC  fully  open  were  measured 
with  him  i  Li  of  chromic  EBT2,  Inn:  mat  ion  al  Specialty  Prod- 
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nets.  Wayne.  Nil  placed  at  0  and  32  cm  depths  in  solid  water 
plastic,  where  32  cm  depth  is  al  isocentcr.  An  iS.4  cm  diame¬ 
ter  plane  parallel  ionization  chamber  I  Model  34070,  PTW_ 
Freiburg*  Germany  t  was  warmed  in  a  water  tank  akmg  the 
beam  axis  to  measure  the  fractional  depth  dc^e  profile, 

Implcmentaiioii  of  the  dual  chamber  method  requires 
knowledge  of  lhe  neutron  energy  spectrum  for  an  accrrale 
assessment  of  the  dose  response  of  the  chambers.  To  this 
end,  we  have  fer formed  simulations  of  secondary  radiation 
production  from  the  proton  beam  at  the  University  of  Fenn- 
sylvania  using  (he  Geant4  simulation  toolkit  41  The  simula- 
lions  incorporate  beam  shaping  components  of  lhe  universal 
nozzle  and  tungsten  alloy  MLC  and  have  been  expen men¬ 
tally  verified  in  separate  measurement'.  to  be  published  later. 
Secondary  neutron  flucncc  spectra  lit  recorded  in  a  I  cm  di¬ 
ameter  sphere  at  the  measurement  positions  distal  to  the 
closed  tungsten  alloy  |92.5*3i  W,  5.^  Ni.  and  2-33!:  Cn  by 
weights  MLC  or  65  cm  brass  block  l62ci  Cn*  35^  Zn.  and 
35^  Pb  by  wxightb 

The  relative  neutron  sensitivities,  ^  und  tT,  av  a  function 
of  incident  neutron  energy  up  to  50  MeV  have  been  com¬ 
puted  iteratively  by  Waterman  ef  aL4'  using  tabulated  tissue 
kerma  factors  and  experimentally1  determined  chamber 
responses  m  a  number  of  neutron  fields  with  known  neutron 
energy  spectra.  However,  since  neutron  sens ii vide*  ore  also 
a  funct km  nf  chamber  gas  composition,  wall  material,  and 
chambo-  size,'1'5  44  and  jn  our  case  Lhe  secondary'  neutron 
eno-gies  axe  expected  to  approach  the  primary  proton  energy, 
we  have  developed.  Monte  Curio  emulations  to  cakulale  the 
sensitivities  of  our  large  volume  chamber*,  We  modeled  the 
magnesium- walled  and  argon  gas -filled  i  Mg -Art  chamber  as 
well  as  the  A 150  TE  plastic -walled  and  methane-based  TE 
gas-filled  fTE-TE)  eh  amber  ising  dimensions  and  material 
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compositions  based  on  the  design  drawings  and  measure  - 
merits  of  the  (ini shed  chambers,  Each  chamber  was  uni¬ 
formly  irradiated  with  a  simulated  neutron  beam  having  a 
circular  dunieier  sufficient  to  iulh  encompass  the  cm  ere 
chamber  with  the  beam  oriented  perpendicular  to  the  cham¬ 
ber's  cylindrical  axis,  Tbs;  dose  deposited  within  the  gas  vol¬ 
ume  of  the  chamber  was  scored  as  a  function  of  incidmt 
neutron  energy  winch  ranged  0-250  McV.  We  are  inteieslcd 
itt  the  absorbed  dose  to  writer*  Su  die  sensitivities  Were  caltu- 
I tiled  as  the  ratio  of  the  dose  deposited  in  the  chamber  gas 
volume  to  the  dose  deposited  in  the  gax  volume  of  an  identi¬ 
cal  chamber  composed  of  water.  The  water  density  of  die 
wall  and  gas  is  adjusted  such  that  the  total  areal  density  of 
each  is  equivalent  to  the  areal  densities  of  the  Mg-Arur  TE- 
TE  chambers,  Relative  sen  sit  iv  itiest  went  calculated  by  tak¬ 
ing  the  quotient  of  the  neutron  sensitivity  with  the  sensitivity 
obtained  through  simulating  expo  suit  of  the  chamber  to  a 
photon  field  with  an  energy  spectrum  that  approximates  the 
6  MV  pholuti  held  used  for  calibration. 

To  test  the  tv  liability  of  the  above  method  for  calculating 
kr i  ^tndE  kf.  we  have  also  calculated  relative  sensitivity  func- 
titms  for  the  chambers  described  in  the  Waterman  study.  Tn 
this  ease,  dimensions  of  the  Mg-Ar  chamber  were  modeled 
after  ad  Extaditl  model  2  Spukra  thimble  chamber  with  0.54 
cm1  active  volume  and  dimension*  of  the  TF-TE  chamber 
were  modeled  on  the  FWT  KM 7  (Far  West  Technology, 
Inc, )  chamber  with  1.0  cmn  active  volume,  Since  the  neutron 
sensitivities  given  by  Waterman  ef  aL  1  *  am  relative  to  tissue, 
the  Mg-Ar  and  TE-TE  chamber  sensitivities  are  calculated 
relative  to  a  chamber  composed  oT  1CRU  muscle  t7  with  the 
density  of  the  wail  and  gas  adjusted  appropriately.  The 
results  fall  within  the  errors  (1-3  s.d.)  and  deviations  from 
the  measured  values  can  be  attributed  to  a  lack  of  neutron 
cross 'Section  data  above  20  McV  (fief.  47  y  and  ambiguities 
in  Waterman  tf  af.43  regarding  the  dimensions  of  the  cham¬ 
bers,  i  he  muter  ial  com  position  of  ihc  TE-TE  chamber  and 
the  elemental  composition  of  tissue. 

Since  measurements  are  performed  in  a  spectrum  of  neu¬ 
tron  energies,  the  effective  relative  neutron  sensitivity  of  an 
ionization:  chamber  tn  any  given  neutron  energy  spectrum 
replaces  ihc  energy  dependent  neutron  sensitivity  in  Eqs.  1 3) 
and  (4),  Effective  sensitivity  can  be  expressed  as  the  dose- 
weighted  average  of  relative  neutron  sensitivity4 1 

,  fk,(EfD»(E)dE 
J  Dy(E)dE  ’ 

where  i  represenLsthe  chambers  T  cr  fjr,  D^El  is  the  dose  to 
water  as  a  function  of  neutron  energy,  and  kfE t  is  neutron 
sensitivity  relative  to  the  sensitivity  to  the  photon  held  used 
for  cuhh  ration. 

The  systematic  errors  in  Morte  Carlo  calculated  chamber 
sensitivities  arc  difficult  to  estimate  and  a  detailed  analysis 
of  dose  measurement  errors  arising  hum  these  calculations 
is  beyond  the  scope  of  this  wort.  However,  the  overall  mea¬ 
surement  uncertainties  (A£>*,  and  A0P  +  ?)  can  Iv  derived 
through  error  propagation  of  Fqs.  (3t  and  1.4)  (Ref,  48) 
assuming  the  uncertainties  are  □  neon-elated 
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In  the  following,  the  component  of  the  uncertainty  in  p  +  y 
sensitivity  lAfrj-  and  AAr,  )  arising  from  sensitivity  to  y-rays  is 
ignored  because  the  chambers  are  calibrated  in  a  photon  held. 
The  source*  of  error  inherent  m  calculating  ncutrexi  seasiiivny 
as  a  ratio  of  doses  can  he  estimated  hy  approximating  neutron 
dose  as  the  product  of  the  neuron  kerma  factor  (AD  wiih  the 
neutron  fiuence  (4ti.  Then,  the  neutron  senskivily  error  is  a 
function  of  the  errors  in  the  neutron  kerma  1actorT  neutron  Hu- 
ctlce.  and  the  setisJUVUy  ki  the  photon  held  used  for  Cirfibra- 
tion.  Systematic  emir  in  the  flue  nee  calculation*  is  primarily 
dependent  on  neutron  emission  cross-sec  don  uncertainties 
which  arc  estimated  to  be  20-40%  for  protons  and  neutrons." 
As  an  approximation,  we  ignore  this  error  because  the  neutron 
sc  n&i  L  iv  ny  is  cakuluLcd  os  a  ratio  of  doses  which  are  each 
a  fleeted  by  fluence  emir  in  largely  the  same  mimner,  Sensitiv¬ 
ity  tn  the  calibration  held  is  also  calculated  m  a  dose  nsin,  sn 
ihe  effects  of  systp malic  ereor  in  the  estimation  photon  fin- 
cnee  for  the  calibration  field  arc  also  ignored  Then,  with  the 
uncertainty  in  the  mass  alien uat ion  coefficient  being  i%-2% 
in  the  energy  range  of  the  photons  usisd  for  cilibniiton/0  on 
estimate  of  25%  uncertainty  in  the  sensitivity  of  the  dosime¬ 
ters  to  the  calibration  field  agrees  with  that  of  ICRU  Report 
78.  The  remaining  systematic  errn-s  in  neutron  sensitivity 
can  be  attributed  lu  uncertainty  in  tit:  neutron  kermn  factors 
which  are  directly  re  bled  to  uncertainty  in  neutron  micrinjon 
cross-sections.  Kcnrui  factor  uncertainty  is  estimated  to  be  up 
to  2%  for  w;ata  and  5%  for  A- 1  Ml  TE  plastic  ot  TE  gas  when 
uncertainty  in  demon  Lai  composition  and  the  neutron  spectra 
used  to  measure  the  kerma  factors  is  cunsidcrod.  Kerma  fac¬ 
tors  for  magnoium  and  argon  are  na  well  known  and  their 
uncertainties  arc  estimated  to  be  up  to  20%. 47  Analogous  in 
our  apimach  with  neutrons,  the  uncertainty  in  relative  protein 
scnsitivky  can  be  estimated  by  taking  a  fiuence  based 
appmith  to  calculate  the  duses  that  ore  used  in  the  ratio  for 
relative  proton  sensitivity.  Then,  the  error  depends  on  proton 
stopping  power  uncertainty,  w  hich  ha*  been  estimated  tit  levs 
than  2%  for  elements  and  4%  for  compounds/1 


III.  RESULTS  AND  DISCUSSION 

Shown  in  Figs.  3{a*  and  -<b)  are  Gafriiromic  EBT2  film 
abserbed  dnsrr  profiles  along  the  lateral  x-  and  y-axis  for  H 
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Fin.  3k  I  jIctjI  beam  pmfiJei,.  taken  with  niiioehrmnit 
Hk.  ilm|  ihe  i-  and  v-im  fer  fl  cm  iul  ind  13  cm  jbl 
dqjth  m  wucrpUitik,  wtierc  the  J2  cm  mpmntt- 
mon  is  Ji  wocoiifl.  The  fridioml  depth  dose  pc 0 rite 
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and  32  cm  depth  in  solid  Water  plastic.  displayed  in  units  of 
eGy  per  machine  monitor  unit  i  MUf  Gaussian  functions 
with  it  con  start  background  were  lit  to  the  profiles  to  deter¬ 
mine  the  beam  width-  Al  0  cm  depth  (32  cm  upstream  from 
isoceidcrL  r#r  —  1.66  cm  and  ay  —  1.S4  cm.  The  32  cm  dcp:h 
measurement  is  aL  EvocenLer  and  the  w  idths  air  tSL  =  2 .04  cm 
and  i7,  =  2 J  7  in.  During  the  neutron  measurements  the 
proximal  face  of  the  MLC  Is  approximaely  19  cm  uptfrcixn 
from  Lsocentcr.  When  mca-wcTncnts  arc  made  with  the  trass 
block  and  the  MLC  open  to  form  an  8.7  cm  diameter  cade, 
less  than  4*^  of  ihe  pro  tun  dose  is  deposited  id  the  MLC. 
There  lire,  the  elf  eel  on  measurement  with  the  brass  block 
is  negligible  because  the  neutron  and  p fry  doses  are  less 
than  0.01%  of  the  dose  delivered  to  isoccnter  with  an  open 
collimator,  as  shown  belcw, 

A  fractional  depth,  dose  profile  m  water  measured  with 
the  PTW  plane  parallel  chamber  is  down  an  Rg.  3(c).  The 
peak  absorbed  dose  at  isoccnter  was  daermined  to  be  6.95 
eGy/MU  using  the  product  of  the  surface  dose  (233  eGy/ 
MU),  the  peak  to  surface  ratio  obtained  from  Fig,  3(c:,  and 
the  ratio  of  fractional  profile  areas  measured  by  the  S.4  cm 
plane  parallel  chamber  at  the  surface  to  ihe  peak  at  32  cm 

Simulated  neutron  huence  spectra  10  cm  from  the  distal 
edge  of  the  closed  tungsten  alloy  MLC  or  6,5  cm  brass  block 
are  shown  in  Fig.  -4-fa  .  The  flucnce  spectra  50  cm  from  the 
proximal  edge  of  the  closed  MLC  and  the  brass  block  are 
shown  in  Fig.  4  b  ln  all  -eases.  the  spectra  arc  heavily  domi¬ 
nated  by  low  energies  with  a  king  tail  approaching  the  inci¬ 
dent  proton  energy.  The  mean  neutron  energies  from  the 
MLC.  which  has  a  thickness  equivalent  to  twice  the  proton 
range,  are  notably  lower  than  the  mean  energies  from  the 
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brass  block,  whose  thickness  is  <l09e  greater  than  the  pro¬ 
ton  range.  The  simulations  also  indicate  that  dove  due  to 
interleaf  leakage  protons  greatly  outweighs  y-ray  di*e  distal 
tn  the  closed  MLC  while  almost  no  protons  pass  completely 
through  the  brass  block. 

The  sensitivity  functions,  .kT  and  itr,,  cal  oil  red  from  Monte 
Carlo  simtilrtiurisof  the  large  volume  chambers  arc  plotted  as 
a  function  of  neutron  energy  in  Fig.  \  The  Mg  Ar  relative 
sensitivity.  kfl.  falls  rigidly  to  7cm  with  dccreasmg  neutron 
energy  so  integral  ion,  in  Eq,  1 5),  of  ihe  sensitivity  function 
with  a  dose  distribution  that  is  heavily  weighted  toward  low 
energy  neutrons  will  result  in  a  small  effective  neutron  sens* 
civity.  Conversely,  the  TF-TE  relative  sensitivity,  Jtj\  varies 
little  with  neutron  energy  and  is  found  to  be  nearly  unity  after 
integration  with  the  neutron  dose  distribution. 

Given  the  chambers  are  calibrated  m  an  x-ray  field,  ihcn 
each  chamber *5  y- ray  sensitivity  relative  to  die  radiation 
used  for  calibration  can  be  assumed  to  he  unity  tecausc  the 
Campion  effect  predominates  in  both  the  x-ray  calibration 
and  m  the  7- rays  of  the  mixed  field.  Where  iiaerlcaf  leakage 
protons  outnumber  sccuiidaiy  y-rays,  as  is  the  ease  down- 
stream  of  the  elused  MLC.  the  proton  sensitivity  was  calcu¬ 
lated  using  (he  same  Monte  Carlo  model  used  to  find  the 
neutmn  scnsitiviics,  The  proton  sensitivity  w'as  found  to  he 
approximately  invariant  with  proton  energy  for  both  cham¬ 
bers.  Furthermore,  ihe  TE-TE  chamber  is  constructed  of  hy¬ 
drogenous  materials  with  proton  stopping  powers  close  to 
that  of  water  and  therefore  exhibits  a  relative  sensitivity  to 
protons  that  is  equivalent  to  its  relative  sensitivity  to  y-rays. 
The  calculated  sensitivities  of  the  Mg-Ar  and  TE-TF  cham¬ 
bers  to  p-f-y  radiation  arc  approximately  0.9  and  L.0, 
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Fig.  4.  -SimuLated  nednn  fluoia  spectra  through  a.  I  cm  diameter  sp he re 
placed  LO  on  from  the  distal  edge  of  the  closed  MLC  or  the  brass  bloct  fal, 
and  50  on  from  the  proximal  edge  ot'  the  MLC  w  the  brass  block  i b). 

respectively,  for  the  MLC  measure.menLs.  where  tHc  interleaf 
leakage  protons  do  ruinate  o  ver  y  -rays.  When  measurements 
arc  performed  downstream  of  the  brass  block,  the  7- rays 
dominate  ewer  protons  and  the  sensitivities  of  both  chambers 
arc  ap  pros  i  mate  ly  1  .0 . 

Shown  in  Table  II  are  effective  sensitivities  for  each  of 
the  measurements  described  above  along  with  the  absorbed 
dose  responses  of  the  dosimeters  and  calculated  neutron  and 
p-Fy  doses  in  units  of  10  5  Gy  absorbed  dose  to  water  per 
Gy  of  absorbed  dose  to  water  delivered  to  isocenter  at  32  cm 


Fm_  5.  Relative  chamber  sensitivity  as,  a  function  of  incident  neutron  energy 
tor  the  large  volume  Mg- At  and  1E-TE  chan  ha.  The  sensitivities  are  calcu¬ 
lated  -with  the  (Scant4  hRc!'.  42]  Matte  Carlo  toolkit  mi  mg  drtaied  g  eo  metri  c  al 
moddi  of  the  chamber*. 

depth  by  a  pristine  230  MeV  proton  beam.  Relative  uncer¬ 
tainties  were  approximated  at  5%  forp  -J-y  sensitivities,  20% 
for  kn  ,  6%  for  k^  and  inserted  into  Eqs.  (6)  and  (7 )  to  esti¬ 
mate  the  relative  uncertainty  of  the  dose  calculations.  Ap¬ 
proximate  uncertainties  in  the  MLC  doses  arc  8%  for 
neutrons  and  9%  for  p+y  radiation.  A  higher  mean  neutron 
energy  of  29  Me  V  in  the  brass  spectra  compared  to  the  tung¬ 
sten  MLC .  Figs.  4(a)  and  3(b),  leads  to  a  higher  effective 
neutron  sensitivity,  kVi,  which  in  turn  leads  to  higher  uncer¬ 
tainties.  Consequently,  the  brass  measurements  exhibit 
uncertainties  of  approximately  Jl%  in  neutron  dose  and 
20%  in  p  +  y  dose. 

The  respective  neutron  and  p  +y  doses  due  to  protons  are 
nearly  equivalent  for  a  closed  tungsten  alloy  MLC  or  a  trass 
block.  This  disagrees  with  the  results  of  Daartz  et  a L14  who 
used  a  25.4  cm  B«>nner  sphere  to  measure  neutron  doses  at 
isocenter  fora  I  85  McV  proton  beam  fully  blocked  by  cither 
a  brass  collimator  or  tungsten  MLC.  Neutron  dose  equivalents 
of  3  X  10  4  and  5  X  10  4  Sv/Gy  for  a  10  cm  air-gap  and 
1.3  x  10  4  and  23  x  10  4Sv/Oy  with  a  30  cm  air-gap  were 
reported  for  the  brass  collimator  and  tungsten  MLC,  respec¬ 
tively.  These  correspond  to  a  nearly  two -fold  increase  in  neu¬ 
tron  dose  equivalent  at  rsoccnter  when  switching  from  a 
closed  brass  collimator  to  a  tungsten  MLC.  In  contrast,  using 
their  stated  radiation  weighting  factor  of  5.9,  we  measure 
3.2  x  10 '  4  Sv^Gy  and  3.8  x  10'  4  Sv/Gy  f or  an  8.7  cm  air- 
gap  to  the  brass  block  and  MLC.  respectively.  For  42.2  cm 


Tajilf  II  Relative  p+y  and  neutron  soisKivities  of  the  Mg- Aj  chamber  (Jkv  and  vr,  j  and  the  TE-TE  chamber  {ft?  and  kT\  dosimeter  response  iR  fJ  and  R  T). 
neutron  (D„j  and  p  —7  <Dp^  r.i  absorbed  doses  to  water  pa  Gy  of  absorbed  dose  to  water  delivered  at  isocenter  by  a  pristine  250  Me  V  proton  beam.  Relative 
uncataintdes  of  approximately  5%  forp  +7  sensitivities  (hIS  and  Jt;-],  20 for  .  and  6S  fordtr  are  insated  into  Eqs.  (6)  and  (7)  to  determine  the  relative 
uncalaimy  of  tiie  absorbed  dose  caJculaticms.  The  matoials,  used  in  this  experimoit  are  ai  MLC  with  tungsten  alloy  leaves  and  a  6.5  cm  thick  brass  block 
used  for  custom-milled  proton  collimators.  Measurements  are  at  isoccnter  10  cm  fican  the  distal  edge  and  3)  cm  from  the  proximal  edge  of  the  collimating 
material. 


Male  rial 

Position 

hu 

hT 

kv 

Xu 

Rt 

Tungsten 

L  0  cm  distal 

0.9 

[JO 

OLIO 

0.97 

135 

6.77 

5.3  ±  a4 

1  jfi  ±  0.2 

Brass 

10  an  distal 

111 

[JO 

a  25 

0.96 

5.69 

6.57 

6.4  ±  0.7 

23  +  0.5 

Tungsten 

50  cm  pro  am  al 

0.9 

E  JO 

an 

0.97 

0.569 

1O0 

0.69  ±  0  06 

0.33  ±  0.03 

Brass 

50  cm  proximal 

10 

[JO 

0.26 

0.96 

0.595 

0.646 

n.63  ±  aor 

0.23  ±  0.05 

J  Dosimeter  response  aid  absorbed  dose  are  in  units  of  10  'Gy /Gy. 
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(brans)  car  39.7  cm  (MLC)  air-gapis,  we  measure  0.41  X  10  4 
and  0.37  x  10^  4  Sv/Gy  fear  the  beans  block  and  MLC,  respec¬ 
tively.  The  discrepancy  must  also  be  considered  in  light  of  the 
differences  in  beam  characteristics,  materials,  collimator 
design,  and  measurement  techniques.  The  collimator  leaf 
design  is  particularly  important  for  reducing  interleaf  proton 
leakage.  Unlike  the  proton  MLC  used  here,  the  MLC  used  in 
the  Daartz  etal.  experiment  was  intended  for  use  in  a  clinical 
linear  accelerator  and  may  not  incorporate  the  same  design 
considerations,  such  as  multiple  stqjs  on  abutting  leaves  that 
went  into  the  development  of  the  MLC  made  specifically  for 
proton  therapy,  In  addition,  our  simulations  indicate  that  the 
mean  neutron  energy  increases  with  a  brass  collimator  com¬ 
pared  to  the  tungsten  MLC,  Figs.  4{  a 3  and  4(b)  h  We  further 
expect  the  mean  neutron  energy  to  increase  with  primary  pro- 
ton  energy,  and  this  may  lead  to  differences  in  the  neutron 
spectra  produced  in  this  experiment  with  a  230  McV  beam 
versus  the  ]  85  MeV  proton  beam  used  in  the  study  of  Daartz 
et  al.  The  Bonner  sphere  used  in  those  measurements  under- 
responds  to  neutrons  greater  than  --  ] 5  MeV  compared  to  the 
response,  of  the  dual  ionization  chambers  which  show  better 
than  230%  separation  between  hydrogenous  and  nonhydroge- 
nous  chambers  up  to  100  Me  V,  Fig,  5.  Moreover,  the  large  di¬ 
ameter  of  the  Bonner  sphere,  leads  to  much  greater  positional 
uncertainty  over  the  ionization  chambers  described  here, 
which  makes  comparison  difficult. 

The  neutron  absorbed  dose,  is  typically  3  times  the  p  +  y 
absorbed  dose  in  the  measurements  observed  here.  Therefore, 
the  impact  of  uncertainty  in  p  +  y  absorbed  dose  on  the  total 
absorbed  dose  is  minor.  If  the.  neutron  dose  is  expressed  in 
GylRBE)  or  dose  equivalent  (Sv)  then  the  impact  of  uncer¬ 
tainties  in  the  p  +y  absorbed  dose  becomes  negligible  when 
considering  the  summed  dose  in  GylRBE)  or  the  total  dose 
equivalent  (Sv).  While  this  is  not  important  for  the  relative 
dose,  measurements  required  to  make  a  comparison  between 
tungsten  alloy  and  brass  as  collimator  materials,  it  will  be  an 
issue  when  the  dual  ionization  chamber  method  is  used  to 
make  quantitative  measurements  outside  the.  treatment  vol¬ 
ume  for  realistic  geometries  (i.e.,  open  fields)  where  RBE  or 
dose  weighting  factors  sho uld  be  taken  into  consideration 

Even  though  the  production  of  secondary  neutrons  in 
tungsten  alloy  is  higher  than  that  of  brass,  in  practice  this 
effect  is  mitigated  because  a  proton  MLC  must  he  designed 
to  incorporate  side-  and  end- steps  into  the  leaves  to  prevent 
interleaf  leakage  of  protons,  resulting  in  a  leaf  thickness 
equivalent  to  at  least  twice  the  proton  range  in  the  collimat¬ 
ing  material..  A  custom -mil fed  brass  collimator  is  typically 
designed  with  a  thickness  of  just  over  one  proton  range  to 
reduce  weight  since  the  device  must  be  manually  exchanged 
for  each  new  treatment  held.  The  additional  material  in  the 
tungsten  alloy  collimator  compared  to  brass  has  a  self- 
attenuating  effect  on  the  neutrons  produced  within  the  colli¬ 
mating  material. 

IV.  CONCLUSION 

Using  the  dual  ionization  chambers  and  Monte  Carlo 
simulations  described  above,  dose  measurements  were 
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performed  in  the  mixed  neutron  and  p  +y  field  produced  by 
the.  proton  beam  at  The  University  of  Pennsylvania  Roberts 
Proton  Therapy  Center.  'Of  particular  interest  is  the  produc¬ 
tion  of  secondary  neutron  radiation  by  the  collimation  of  a 
proton  beam  with  the  newly  developed  tungsten  alloy  MLC 
in  comparison  to  the  conventional  brass  collimation  system, 
and  the  potential  for  an  increase  in  secondary  neutron  dose 
to  the  patient  during  treatment  Our  results  indicate  that  sec¬ 
ondary  neutron  production  in  a  tungsten  alloy  MLC  leads  to 
doses  that  even  in  an  overly  pessimistic  clinical  worst-case 
scenario  are  no  greater  than  those  seen  from  brass  collima¬ 
tors.  The  doses  measured  here  have  been  obtained  in  a  non- 
el  in ical  geometry,  which  was  chosen  to  illustrate  that  the 
tungsten  alloy  MLC  produces  a  secondary  neutron  dose 
comparable  to  that  of  a  brass  collimator  system. 

This  study  also  serves  to  demonstrate  the  value  of  the 
dual  ionization  chamber  method  of  mixed -fie Id  dosimetry, 
which  was  developed  for  fast  neutron  beam  dosimetry,  in 
measuring  the  secondary  neutron  dose  associated  with  thera¬ 
peutic  proton  beams.  The  absolute  values  of  the  secondary 
neutron  and  p  -J-}1  absorbed  doses  measured  here  should  not 
be  considered  representative  of  the  absorbed  doses  that  will 
be  seen  outside  a  collimated  therapeutic  proton  field,  since 
these  measurements  have  been  made  with  a  closed  tungsten 
alloy  MLC  or  a  solid  brass  collimator  to  maximize,  neutron 
production.  Furthermore,  this  study  was  limited  to  only  two 
measurement  positions  along  the  proton  beam  axis  in  order 
to  provide,  a  timely  comparison  of  the  secondary  neutron 
dose  due  to  the  newly  implemented  proton  MLC  at  the  Uni¬ 
versity  of  Pennsylvania  Roberts  Proton  Therapy  Center. 
Additional  measurements  using  the.  dual  ionization  chamber 
technique  to  map  the  neutron  dose,  outside  of  an  open  proton 
field  shaped  with  the  tungsten  alloy  MLC  are  planned  for  the 
future. 
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Abstract 

Surgically  imp  Ian  led  electromagnetic  transponders  have  been  used  in  external 
beam  radiotherapy  fur  l arret  localization  and  position  monitoring  m  real 
time.  The  effect  of  lrunspt»nders  on  pentad  therapy  dare  distribution*  hits  noi 
been  reported.  A  Monte  Carlo  implementation  of  the  transponder  geometry 
is  validated  against  film  measurements  In  a  proton  SOBP  and  subsequently 
used  to  generate  dose  distributions  lor  transponders  at  ditleivnl  positions  and 
oriental  ions  in  ihc  proton  SOUP.  The  maximum  dove  deficit  is  extracted  in  each 
ease.  Dose  shadow*  of  up  us  MKf  occur  fur  transponders  positioned  very  near 
the  end  of  range  of  the  Bragg  peal.  However,  if  transponders  are  positioned 
further  than  5  mm  from  the  end  of  range,  and  are  nut  oriented  parallel  to  the 
beam  direction,  then  the  dose  del  kit  can  be  kept  below  I  Off . 

(Some  figures  may  appear  in  colour  only  in  the  online  journal  > 


1,  Introduction 

Prof  on  therapy  is  an  attractive  option  fur  external  beam  radiotherapy  due  primarily  to  the 
fact  that  the  proton  Bragg  peak  has  practically  no  exit  dose  (Smith  29W,  ICRU  20G7).  This 
potentially  allows  delivery  of  radialion  lo  the  target,  with  much  less  dose  (o  surrounding  normal 
tissues.  Proton  therapy  is  mure  sensitive  to  heterogeneity  and  motion  issues  than  conventional 
radiation  therapy  i  Lomax.  2f.N3.Sa,  2008b):  the  larger  dose  gradients  that  allow  the  proton  dose 
distribution  to  be  tailored  to  the  target  volume  create  the  potential  lor  delivering  targe  doses 
to  she  wrong  location.  The  consequence  is  that  uncertainties  in  proton  treatment  delivery  need 
to  be  precisely  understood  and  controlled. 

Van  {His  strategies  fur  target  Localisation  have  been  developed.  Mcdem  linear  accelerators 
are  built  with  specialized  imaging  hard  ware  to  make  use  of  skeletal  anutumy  fur  patient 
local] Taiton  However,  tumors  can  migrate  with  respect  to  the  skin  and  skeleton.  Radiopaque 
fiducial  markers,  surgically  implanted  within  or  near  the  tumor,  more  directly  define  the  Larger 
location-  al  the  cost  of  some  additional  ionizing  radiation  Lo  the  patient  As  an  alternative, 
a  system  of  wireless  electromagnetic  irurixpondcr*  was  developed,  providing  sub  mi  Hi  me  Ler 

UtUl^llSrlJXBLitaS-l-USllJaQ  C  nil  lariiMiicf  CVh>  and  ft^pnaxaig  m.  Mtdtinc  Pnnlrrf  athc  UL  JUte  USA  U95 
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localization  accuracy  (Balter  et  at  2005).  The  transponders  have  been  used  in  prostale  x-ray 
external  beam  radiotherapy  treatments  i  Willoughby  ft  al  2QQ6.  Kupelian  et  al  20  '7).  Three 
transponders  were  implanted  Iran sree tally,  one  in  die  apex,  one  in  the  left  base  and  one  in 
the  right  base  of  each  prostate.  A  dosimetric  study  found  improved  targe!  coverage  and  lower 
rectal  dose  by  u«  of  I  ransponder  localization,  as  compared  with  local  i/alion  by  reference 
points  on  the  skin  (Rajcndran  er  al  2D  I  CM. 

Another  sigm  lieint  source  of  uncertainty  for  external  beam  radiotherapy  concerns  motion 
of  the  target,  and  both  mlra-lraciion  and  inter- lie  Id  mod  on  need  lu  be  considered  l  Lomax 
200Hb>.  Approaches  to  the  management  of  Large!  mod  on  were  reviewed  by  Keall  et  al 
(2006)  and  include  motion-encompassing  methods,  respiratory  gated  techniques,  breath- 
hold  techniques,  forced  shallow -breath  Eng  methods,  and  resfMration-synehrofUjred  techniques. 
Wired  clcctreiniagnctu:  iransponderv  were  first  used  in  phanLoms  for  continuous  position 
monitoring  by  Seiler  rr  al  (2000).  with  gating  of  the  protoa  beam  during  delivery,  The 
use  of  wireless,  implanted  electromagnetic  transponders  for  real-time.  continuous  tracking 
was  first  reported  by  Balter  et  al  12003m  using  results  from  phantom  measurements.  Other 
studies  have  compared  transponder  electro  mag runic  localization  with  that  ublaincd  by  gantry- 
mou  riled  fluoroiODpic  i  mag  lug  in  phantom!*  and  animal  i  Rau  end  2QGH,  Santamimn  fi  al  2009  k 
Intratruction  motion  of  the  prostate  gland  has  been  examined  using  transponders  implanted  in 
patients  (Willoughby  et  al  2)006.  Kupclion  et  al  2007.  l  juigen  et  al  200*1,  and  the  dosimetric 
consequences  of  prostate  motion,  have  been  quantified  <Li  ct  al  2(X)Ea_  2tK)Sb >.  It  has  been 
demonstrated  that  use  of  transponders  for  locali/uiion  and  motion  monitoring  allows  lor  a 
red  lieu  on  of  treatment  margins  while  maintaining  target  dose  coverage  (Tarcyi  et  al  2010, 
Su  ft  al  201  I  h  Another  study  considered  volumetric  modulated  are  therapy  for  the  prostate 
and  derives  action  thresholds  for  treatment  interruption  and  patient  repositioning  based  on 
dosimetric  requirement!  (Zhang  et  al  201  h.  Tnmspooden  have  also  been  used  to  n iocs i tor 
pancreatic  morion  during  irradiation  (Shindure  *?r  201 2 ). 

Though  they  are  small,  fiducial  markers  and  transponders  contain  mated als  that  are  denser 
and  have  a  higher  atomic  number,  2,  than  patient  tissues,  and  the  result  is  a  shadow  region 
downstream  of  the  transponder  where  the  actual  delivered  dose  is  lower  than  what  it  would 
be  were  the  implant  not  present.  In  the  cave  of  fiducial*.  there  is  a  compromise  for  the  murker 
design  that  must  balance  good  visibility  with  respect  to  radiographic  imaging,  low  artifacts  in 
CT,  and  a  low  dose  shadow  effect  with  respect  lu  the  treatment  beam.  Dose  shadows  in  excess 
of  201*'  have  been  demonstrated  downstream  of  gold  markers  in  megav  ullage  photon  beams 
(Chow  und  Grigorov  2)005,  2006).  Pcrtirbatkms  of  similar  magnitude  were  observed  in  the 
vicinity  of  nickel-titanium  urethra  saenu  (Gez  et  al  1997 f  Carbon  fiber  markers  are  lower-Z 
and  were  found  to  perturb  photon  dose  by  only  about  a  percent  (Vassiliev  et  al  20 J  21).  In  the 
ease  of  proton  therapy,  studies  have  explored  the  dose  perturbations  from  gold,  titanium.  and 
stainless  vlec I  fiducials.  of  varum*  sues  and  differing  placement  and  orientation  with  respect 
to  (he  proton  beam  (Nowhomcr  ct  al  2007b.  Matsuura  ft  al  2012)  Another  study  examined 
the  dose  shadow  produced  by  tantalum  markers  used  in  the  treatment  of  uveal  melanoma 
( NcWhaUset  rf  al  2Uu7uk  Effects  on  dose  Were  investigated  for  helical  gold  markets  (Giebeler 
et  al  2009),  for  novel  fiducial*  composed  of  microscopic  gold  particles  embedded  in  polymer 
( Lim  et  al  2009).  and  for  a  nickel-titanium  stent  i  Herrmann  et  al  2010)  Lower-Z  alternatives 
such  as  carbon-coated  ceramics,  stainless  steel,  lungs  ten.  platinum.  and  a  polymer  lube  can 
have  lower  dose  perturbations,  but  must  be  balanced  against  radiographic  visibility  iCbeung 
et  at  2010,  Humgttal  2(111). 

Electromagnetic  transponders  have  dimensions  similar  to  some  of  the  implanted  fiducials. 
and  their  constituent  materials  include  soft  femle,  copper,  and  ceramics.  The  geometric 
arrangement  of  the  materials  is  unique  and  may  perturb  dose  different] y  than  lidueiais.  The 
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purpose  of  this  study  is  to  investigate  the  magnitude  of  the  dose  perturbations  caused  by  (he 
presence*  of  imp] anted  electromagnetic  transponders  as  pan  of  an  assessment  of  the  feasibility 
of  using  eleelramagne  tic  transponders  for  proton  therapy.  The  approach  taken  was  to  develop  an 
accurate  Motile  Carlo  model  uf  the  Calypso  Beacon®  electro  magnetic  transponders.  to  validate 
the  Monte  Carlo  si  mu  lations  using  incisure  me  nL*  from  sumo  jetertod  proton  irradiation  cues, 
and  then  to  use  the  simulations  to  explore  the  elTeci  of  the  trmspoodsn  at  different  positions 
and  orientauons  with  respect  lo  the  proton  beam. 


1.  Mil  hud*,  and  materials 

A  research  Calypso1-  System  <  Willoughby  ft  ai  2nori)  from  Van  an  Medical  Systems  was 
installed  in  a  proton  therapy  gantry  room  at  the  University  of  Pennsylvania.  Analysis  of 
equipment  tolerance  to  the  proton  environment  Was  performed  along  with  hardening  of  the 
equipment  for  sUibili/ed  operation, 

We  have  implemtenied.  using  the  Geant4  simulation  toolkit  ^  4  Patehdll  tAgostinelli 
el  a!  2003k  a  detailed  model  of  the  proton  delivery  equipment  at  the  Roberts  Proton 
Therapy  Center,  as  shown  in  figure  L  The  simulation  geometry  includes  the  treatment 
nuzzles  provided  by  Ion  Beam  Applications  IBA )  and  the  multi  leaf  collimator  i  MLC ) 
provided  by  Van  an  Medical  Systems.  Our  physics  list  is  based  on  oik  reported  to  give  good 
agreement  w lift  depth-dose  measurements  in  water  and  multilayer  Faraday  eup  measurements 
Uarlskog  and  EhganetU  20flSJ.  The  Geant4-  standard  electromagnetic  physics  models,  the 
UH  Lilas  lie  rue  tear  elastic  scattering  model  and  the  binary  cascade  nuclear  inelastic  model 
are  used  as  recommended  in  that  reference.  Since  that  physics  list  was  published,  newer 
versions  ol'Ceant-f  require  and  provide  different  multiple  scattering  models  for  elections  and 
positions  and  for  hadrons/ions.  We  use  GTcMulripbeScutlcnng  for  eke  lions  and  positrons 
and  G4hM u Iti pkScaltori nc  fur  hadrons.  We  have  implemented  the  modulator  wheels  and 
scattering  element  in  the  nozzle  based  on  IBA  specifications  and  optimized  Ihe  beam  current 
modulation  using  least-squares  fitting  in  order  to  reproduce  commissioning  measurements. 
Our  simulation  software  reproduces  the  beam  range  to  within  2  mm  and  2%  dose  accuracy  for 
both  the  double-scattering  and  the  uni  form- scanning  modalities. 

The  implementation  of  ihc  Beacon  transponder  geometry  in  simulation  Is  rendered  in 
figure  2  beneath  a  photograph  of  a  transponder  The  masses  and  materials  of  the  components 
that  comprise  a  transponder  are  summarized  in  table  L  We  scored  dose  downs  cream  of 
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Figure  2,  Pholowrapb  cf  a  Bom:™  t^tnmufutu:  irpnqnqdoT  i  top)  and  the-  impIcciksiCUiciii  lu 
LkiaiiU  iLnwliti™  ibiamra  j. 
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Actual 

Simulation 

Stmuiaiiim 

Mass  (mg* 

Mass  (me) 

Material 

Core 

ZQ 

2.g 

MnZnFejCH 

Coll 

36.0 

36  0 

96%Cu 

+  2%C,iOiN,tNi 

+  2'3  G4  POLYVINYL  BLT1"RAL 

Capacitors 

t  J  t*  2> 

LI  <*  2) 

TiO; 

Adhesive 

not  specified 

0.K 

Polydimethv  1  si  loxanc 

Vial 

20  JO 

20  0 

05%  G4  Pvre!i  Glass 
+  5f*  FimOj 

Thtal 

61.1* 

61.  a 

transponder*  using  a  OdPhamomPtmanletcrisaljon*  which  is  a  Vuseli/cd  ret  Can  si  u  Lit  mi  I  id.  dial 
i*  llllcd  with  solid  water  material  ami  divided  into  voxels  of  dimensions  ll^im  k  II?  ttm 
transverse  >  0.?  mm  in  depth.  The  truss  ponders  do  not  have  a  symmetry  that  makes  ii  obvious 
where  the  point  of  maximum  dose  deficit  will  be  located  in  the  transverse  directions,  and  so  we 
window^veragtid  the  fine  dose  grid  over  3  >;  3  groups  of  voxels  to  locale  the  dose  minimum 
in  the  transverse  plane*. 

Measured  data  to  validate  the  Monte  Carlo  simulations  was  collected  using  the 
experimental  setup  shown  schematically  in  figure  3.  The  electromagnetic  transponder  were 
placed  in  a  block  of  acrylic  with  cavities  drilled  to  hold  the  seeds  at  three  orientations  with 
rasped  to  the  proton  beam,  The  aery  lie  holder  wav  13  cm  x  3  cm  trass  verse  *1.2  cm  thick  in 
the  beam  direction.  We  placed  this  acrylic  holder  in  a  stack  of  solid  water  with  the  him  located 
at  several  depths  downstream  of  the  transponders.  The  position  of  the  holder  in  the  solid  water 
and  him  stack  was  varied  to  obtain  data  with  the  transponders  at  tvso  different  depths.  12  and 
20  cm  in  die  phantom.  We  irradiated  the  solid  water  and  him  stack  using  a  double-  wane  red 
proton  spread-out  Bragg  peak  (SOUP)  of  range  22  cm  in  water  (measured  to  ihe  palm  distal  to 
the  peak  where  the  dose  falls  to  98%  of  the  peak  level,  i.c.  R^  L  modulation  10  cm,  field  size 
10  cm  r;  10  cm.  Our  terminology  follows  that  of  the  ICRt'  {2007 K  TTie  film  Was  irradiated 
to  u  dose  of  2  Gy  at  field  center  in  nrid-SOBP  In  flrrailatkn,  the  transponders  were  placed 
in  the  three  orientations  in  an  aery  lie  slab  contained  in  a  uniform  solid  water  cube  to  match 
the  validation  setup.  For  each  transponder  depth.  Id  billion  primary  protons  were  generated 
upstream  of  the  modulator  wheel  and  tracked  through  the  no 22k-. 
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fipne  3,  ScheaiMic  diagram,  not  Id  sczk,  of  Ik  EeaniDtrv  used  to  measure  dftse  sbodows 
iltimniilfvain  uf  ckdimiueuilL  Imin.pnrnii'iK.  A  pivtixi  beam  nutliTiiiUixl  widl  i  niulli-k'dl 
cofiimator  pud  irradiate  a  ptvtk  phantom.  A  mil M  inyhc  bloc*:  boUfeq  tiwKpontkfi  in  Uir?* 
nruenliilxina  w-us  embedded  in  solid  waDex.  Pieces  of  Itim  « cxi:  posjLwned!  den*  nstreain  el  die 
irrfuptmdci>  [nwtiitton  wcft-pcrTnrniiMJ  wtihlmupocikn  poMtaned  mtthtfc  defMb  ui  fhmm'm. 
d,  -equal  to  1 1  and  20  cm. 


Dose  whs  measured  using  Gafchromk  FIiT2  film  I  Ashland  Specialty  Ingredients.  Wayne. 
Mi  The  film  was  digitized  using  un  Epson  Expression  IOOO0XL  scanner  operated  in 
trans mission  mode.  4£-bit  color.  at  7?  dots  per  inch,  with  all  filters  and  image  enhancement 
options  disabled.  A  calibration  curve  to  relate  the  red-channel  optical  density  to  dose  was 
obtained  by  irradiating  film  from  the  same  batch  to  sever)  dose  values  ranging  from  0.2  to 
4  Gy  An  additional  un  irradiated  piece  of  film  was  used  for  background  subtraction.  For 
the  calibration  irradiations,  solid  water  was  used  u>  position  the  film  in  the  middle  of  an 
SOBP  of  range  15  cm,  modulation  10  cm,  and  field  size  10  cm  x  10  cm.  Irradiated  film  was 
allowed  to  develop  for  4-8  h  before  scanning.  The  suitability  of  radiochromic  film  lor  proton 
dosimetry  h  well  documented  in  Ntroorrund-Rad  et  til  i  and  references  therein.  Wiih 
care,  measurement  uncertainty  below  I  Of  can  be  achieved  usin;!  radiocbromac  film  t  KliMcn 
rr  at  1 497  k  However,  those  measurements  rely  on  absorbance  measurements  taken  over  an 
area  of  film  of  a  few  tens  of  mm1.  The  uncertainty  is  expected  to  he  greater  for  dose  values  dial 
arc  extracted  from  small  shadow  regions.  We  obtained  the  pet-putd  duse  uncertainly  from  the 
distribution  of  dose  values  inside  a  I  cm  *  I  cm  square  in  an  unperturbed  region  of  irradiated 
film. 

Having  validated  the  Norite  Carlo  simulations,  we  then  used  the  simulations  to  generate 
dose  distributions  with  transponder  at  eight  additional  depths  within  the  proton  &>BP  and 
et  truck'd  the  maximum  dose  pm  urban  on  for  each  depth 


A*  Result* 

, Ajl  example  dose  distribution  eafeuJ  a  ted  with.  Monte  Carlo  is  shown  in  figure  4.  Dose  deficit  can 
be  seen  downstream  of  Ihe  transponders.  It  ls  worst  for  the  transponder  oriented  parallel  w  ith 
the  beam.  Figure  5  compares  the  *i  mutation  with  the  film  immurements  lor  the  transponder* 
at  12  cm  depth  and  20  cm  depth.  The  Monte  Carlo  statistical  uncertainty  Is  l-2ff  depending 
on  the  local  dose.  The  uncertainty  for  film  measurements  was  found  to  be  A-5*T,  depending 
on  the  dose,  by  inspecting  the  distribution  of  pixel  values  in  an  unperturbed  region  of  film. 
Note  Ural  the  range  appears  shorter  dun  the  requested  22  cm  in  water  because  we  are  plotting 
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cfc(*b  |S  cm  in  *a\ id  waiisr  Copper  pfiiftlei  and  21  5  cm  hi  fcalid  viler  (  Inver  iwnfiler  Tba  prrtinn 
beam  con Ira  Fnni  jt>ow  as  indicaLxt  bj  tfic  itmi.  Tbs  pcraxlioD  of  ibc  tiampsodcn  is  muilcakd 

b>  Uv  kta.-tv  jjiiI  dim  crwitatkn  a  45  ifcfivw  4 A*,  panild  iHj_  «rn1  p^rpradKiiliif  i C)  ‘*^h 
respect  io  the  beam  dirscticn.  Redder  colors  indienc  bijjlurdcsei  acce-rdinj:-  to  the  color  hand  on 
I  be  rigtil.  mhLTk1  IliL'  numbers  IhUIljIi:  Elk  IraLliun  of 


physical  depth.  The  range  in  solid  waier  h  about  4%-  ku  due  lu  the  slightly  higher  stepping 
power  of  the  solid  water  material,  and  the  stopping  power  of  the  aery  Ik  holder  is  about  Wl 
higher  than  water.  Accounting  for  these  differences,  the  range  is  within  0_5  mm  of  what  was 
expected. 

Monte  Carlo  results  indi  eating  the  magnitude  of  the  dose  shadow  for  Iran  senders  at 
len  different  positions  in  the  SOBP  arc  presented  in  figure  6,  The  magnitude  of  the  dose 
shadow  depends  on  ihe  orientation  of  the  transponder  with  respect  lo  the  treatment  beam  and 
the  distance  of  ihe  transponder  from  the  end  of  range  of  the  SOUP. 

Clinicians  will  typically  be  most  interested  in  the  level  of  dose  shadow  dial  occurs  inside 
ihe  irradiation  target  In  practice,  the  treatment  delivery  is  designed  so  that  ihe  Uiiget  is 
covered  by  the  part  of  the  SO  BP  where  the  dose  is  98%  or  higher  than  ihe  dose  measured 
in  the  middle  of  the  SUSP,  which  we  will  denote  £?sdbp  Therefore,  in  figure  6  we  plot  die 
maximum  dose  shadow  that  occurs  Within  the  region  of  the  SOBP  that  receives  greater  than 
98%  of  Dstffli’i  as  a  function  of  the  distance  of  the  transponder  from  the  point  al  the  end 
of  the  SOBP  where  the  dose  has  fallen  to  98%  of  We  denote  this  distance  dm*  with 

negative  values  meaning  the  transponder  Is  positioned  w  ithin  the  SOBP,  upstream  of  the  beam 
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F«ur*  J,  VAlidMJOD  uF  GMiit4  iimuiatjiss  gf  (rampuikkra  «i  J  2  cat  (Mpi!i  (Md  -uni  KH'nj  ikplh 
i rights  in  the  solid  *jcr  md  jeryLe  vtrrilhcauan  phantom.  Dow  is  plotted  ncLussi  to  the  dnw  jl 
m  kl  Solti1.  Ylbr  Ctrw  bun  MV  Id  Mui  tAdk!  jU-  diic  meaiLft-nk-nU  U*m||  t.Mk  tlr.iniK  Min  Irkni 
uid  the  lines  are  iii^  iimu  Laiian  raralii,  Tit1  width  of  Ihe  lines  in$cdi!i  the  Mnnb?  Carin  siMisiral 
Tintfiimjf. 


t  cun  0.  SLuEmu.ni  dose  defied  that  occurs  within  the  spread-ouf  B  rage  peri  i  SOlJPi  dem  nslTEam 
of  a  Ikniin  inuupnniJdr  m  a  fcarton  of  tlk-  watf  -dqnivaJtttt  dmumv  M*vtn  I  he  Umipnhthr 
aaJ  Lbc  diml  end  of  the  SOUP  Jr^ .  The  SOB  P  Li  Miud  Id  be  the  region  heiwocn  tlk'  two  depths, 
pr.  ivinuJ  and  dutii  w'hcrr  like  dew  In  Wfr  of  like  dow  iMHrtfal  at  mid-SOlll'.  tto  diffcreni 
nnepUtino*  of  tnuu-paoikr  with  nspoti  la  th*-  tn-nm  dififituts  ant  sjiawu. 


end  of  range.  For  transponders  wi  Lb  d %  greater  than  1  cm.  the  dose  perturbation  is  Jess  than 
8^r  fnc  tnaspaaderir  oriented  perpendicularly,  hut  still  up  to  25%  foe  transponder*  oriented 
parallel  The  dose  shadow  cm  become  targe  when  (he  transponder  II »  near  the  Bragg  peak 

end  of  range:  we  observed  up  to  60%  in  die  worst  case  for  a  parallel  transponder  located  5  mm 
upstream  of  AV 

4.  Discussion 

Simulation  and  meaiuremen  im  of  dac  shadows  dow  nstream  or  transponders  agree  within  the 
uncertainties  of  the  film  and  Monte  Curio.  A  careful  implementation  of  the  components  of 
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the  transponder  was  necessary.  wiLh  mention  to  the  densities  and  chemical  compos i lion  or 
the  materials  that  comprise  a  transponder,  The  ri  mutated  capacitors  are  slightly  underweight 
re  tad  vc  to  the  physical  specification,  hut  because  the  di  (Terence  is  only  0.6*5:  of  the  total  mass, 
we  do  not  expect  that  to  be  significant.  The  mass  difference  could  be  due  to  the  metal  traces  on 
i he  capacitor  which  we  have  not  modeled  in  sirciuluiioii.  Note  that  the  total  mass  of  the  physical 
and  simulated  transponders  agree  because  the  amount  of  silicone  adhesive  was  chosen  so  that 
would  be  t he  case. 

The  dose  deficit  is  larger  for  transponders  positioned  close  to  the  Brags  peak  end  of 
range,  similar  to  whin  halt  been  observed  in  ihe  studies  of  dose  pmurhations  near  implanted 
fiducial  markers  referenced  above.  At  large  dw.  protons  passing  through  the  transponder  are 
sufficiently  energetic  dial  Lhcy  do  not  slop  in  the  transponder.  Nevertheless.  a  situation  of 
charged  panicle  disequilibrium  is  created  taleraJ]y  because  protons  lend  to  experience  more 
Coulomb  scattering  in  the  highcr-Z  materials  of  the  (ransponder  thud  in  Water  since  the 
root-roan-square  scattering  angle  due  to  multiple  Coulomb  scattering  goes  approximately 
as  plt~Z/Al/2  (Rossi  and  Grciscn  1941 )  The  disequilibrium  produces  a  shadow  region 
downstream  of  (he  (ransponder  lhaL  after  reaching  a  minimum  in  dose,  tends  to  restore  lo 
the  unperturbed  value  as  protons  scalier  laterally  behind  the  mmspundcr.  i,c.  as  lateral  charged 
panicle  equilibrium  is  re-established  downstream  of  Lhe  pcfluitniRm,  However,  for  smaller 

equilibrium  m ay  not  be  re-established  downstream  before  the  protons  stop,  or  worse,  at 
even  smaller  protons  may  actual] y  stop  in  the  transponder  materials  and  the  shadow  will 
be  larger.  We  can  estimate  under  w  hich  conditions  protons  will  slop  in  the  transponder.  The 
transponder  coil  represents  the  bulk  of  lhe  material  with  a  significantly  higher  relative  Mopping 
power.  The  coil  is  a  link  longer  than  4  mm.  A  coil  of  this  length  would  stop  protons  of  energy 
below  about  4 5  McV.  The  range  of  45  MeV  protons  in  water  is  I.&  cm.  Indeed,  it  is  at  about 
this  ilif%  that  a  change  in  the  dose  dc licit  for  the  parallel  Implant  can  be  seen  in  figure  6:  the 
deficit  is  5fk  larger  for  the  transponder  at  d*  =  2  cm  Compared  Willi  -  8  cm.  but  there  is 
a  10%  difference  between  2  and  1  cm,  and  30%  between  I  cm  and  5  mm.  The  perpendicular 
water-equh  alcnt  thickness  of  the  coil  is  only  about  4  mm.  and  so  the  same  stark  increase  in 
dose  deficit  is  not  observed  in  our  data,  though,  the  start  of  an  increase  iu  the  shadow  magnitude 
con  be  identified  between  d?s  =  1  cm  and  d^  =  5  mm. 

Dtwc  pcrtXMbatkms  arc  expected  lo  he  highest  in  regions  of  sleep  dose  gradients.  Indeed, 
geometric  rather  than  dose  level  measures  are  typically  used  for  comparisons  in  high  gradient 
regions.  However,  physicians  set  constraints  on  the  amount  of  sub-prescription  dose  that  is 
acceptable  within  the  Larue t  volume,  and  a  treatment  plan  with  unacceptably  low  dose  in  the 
targets  judged  by  the  treating  physician,  should  be  improved  when  possible.  There  are  ways 
to  minimize  the  dose  shadowing  effect  through  location  and  orientation  of  the  transpondcrx 
and  the  number  of  treatment  fields  and  beam  angles.  For  the  case  of  multiple  fields,  in  general 
the  magnitude  of  the  Jose  shadow  is  reduced  by  a  factor  equal  lo  the  number  of  fields . 
assuming  that  the  tic  Ids  are  opposed  or  at  ktst  arranged  so  that  the  region  of  dose  shadowing 
down  steam  of  the  transponder?  does  not  overlap.  Our  recommendation  its  that  patient*  be 
treated  with  at  least  two  apposed  fields,  that  the  transponders  be  Located  no  closer  than  1cm 
lo  the  beam  end  of  range,  and  lhai  transponders  be  oriented  at  mosl  45  '  with  respect  lo  the 
beam  direction  {preferably  closer  Id  perpend  icul  an  One  mad  on  of  the  transponder  related  to 
the  beam  direction  improbably  the  truest  challenging  of  these  recornmcnditiiMis.  However,  with 
common  lumora  and  class  solutions,  this  may  be  feasible.  These  guidelines  ensure  that  the 
minimum  dose  deficit  in  the  target  caused  by  the  transponder  will  be  less  than  7%.  The  goal  of 
course  is  that  the  transponders  be  implanted  within  the  tumor  itself,  in  order  that  their  locations 
directly  indicate  the  position  of  die  tumor.  In  practice  the  volume  treated  to  prescription  dose 
includes  margins  around  the  tumor,  to  account  for  treatment  uncertainties,  and  so  transponders 
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would  tcn-cS  to  not  be  placed  near  the  beam  end  of  range.  On  the  other  hand,  precise  and 
consistent  transponder  implantation  can  be  difficult  to  achieve,  and  transponders  do  migrate, 
and;  thus  in  practice,  these  guidelines  may  prove  challenging  to  follow  and  reproduce  for  all 
three  implanted  transponders.  We  see  no  way  around  the  fact  that  the  final  post- migration 
positions  of  the  implanted  transponders  will  need  to  be  considered  as  pan  of  the  treatment 
planning  process.  The  locations,  of  typical  transponders  are  easy  to  discern  on  the  CT  dataset 
of  the  patient.  A  similar  study  of  dose  perturbations  in  the  vicinity  of  implanted  radio-opaque 
fiducial  markers  supposed  that  dose  perturbations  at  Lhe  level  of  10%  or  Less  would  not  affect 
clinical  outcomes  (Newhauser  et  al  2007b)  based  on  the  Loma  Linda  University  Medical 
Center  prostate  cancer  experience  !' Slater  £t  til  2004).  If  a  Beacon  electromagnetic  transponder 
is  not  within  5  mm  of  and  is  at  less  Lhan  the  45 =  orientation  with  respect  to  the  beam,  then 
based  on  our  findings  the  dose  shadow  within  the  large!  will  not  be  greater  than  10%. 

Recent  published  studies  iGicbclcr  et  at  2009.  Newhatiser  e?  til  2007b I  concerning  dose 
shadowing  from  implanted  fiducial  markers  find  comparable  results  for  similarly-sized  (0.9  mm 
diameter.  3. 1  mm  length)  stainless  steel  ftducials  (about  6%  shadow  at  2  cm  for  perpendicular  I 
but  note  much  larger  shadowing  from  gold  ftducials  ( 20%  shadow  at  2  cm  for  perpendicular 
orientation  >  due  to  the  higher  atomic  number  of  gold..  There  is  also  a  slight  dose  enhancement 
effect,  caused  by  charged  particle  disequilibrium  near  interfaces  of  different  materials,  but 
the  effect  is  less  lhan  5%  to  an  even  smaller  region  than  the  shadow.  We  follow  others  in 
disregarding  Lhis  as  a  relatively  minor  perturbation  given  the  dose  shadow  that  develops  further 
downstream  of  the  implant.  Our  Gcanl4  implementation  of  electromagnetic  transponders  could 
be  used  to  explore  the  effect  of  different  transponder  sizes  or  constructions. 

The  level  of  the  dose  shadow  depends  primarily  on  the  (mean)  residual  range  of  protons 
at  the  depth  of  the  transponder,  as  discussed  by  Newhatiser  ef  al  (2007b V  Therefore;, 
the  distance  of  Lhe  transponder  from  the  beam  end  of  range  i. d K  in  our  notation)  can  be 
measured  as  the  distance  to  the  target  boundary,  and  is  a  variable  that  is  easy  to  measure  on  a 
CT  image  and  could  be  used  to  lookup  the  approximate  level  of  expected  dose  shadow-  using 
figure  b.  We  have  considered  the  dose  shadow  using  a  beam  with  range  22  cm  to  represent  a 
depth  similar  lo  a  typical  prostate  treatment  field.  There  can  be  some  difference  in  the  level 
of  dose  shadow  for  different  SOBP  ranges.  Since  the  dose  gradient  at  lhe  Bragg  peak  end  of 
range  is  greater  for  shallower  Bragg  peaks,  the  equivalent  of  figure  6  for  an  SOBP  of  shorter 
range,  will  have  a  sleeper  rise  as  dgs  approaches  zero.  Similarly,  as  Ncwhauser  rt  al  1 2007b) 
have  argued,  in  patient  there  is  also  the  range  mixing  produced  by  tissue  heterogeneities 
that  decreases  the  dose  gradient  relative  to  simulations  and  measurements  in  homogeneous 
phantom  geometries.  The  results  here  arc  meant  only  to  indicate  the  EeasibiliEy  of  using 
electro  magnetic  transponders  with  proton  therapy.  The  dose  shadow  should  be  calculated  in 
the  anatomy  of  the  patient  with  the  transponders  in  the  post-migration  position  and  orientation. 
Ideally,  the  treatment  planning  system  could  be  made  to-  accurately  calculate  the  dose  near  the 
transponders.  Of  course,  the  treatment  planning  procedure,  or  a  Monte  Carlo  dose  calculation, 
should  be  validated  against  dose,  measurements  near  transponders,  and  also  in  heterogeneous 
environments, 

Al  last,  we  point  out  that  it  may  be  possible  using  modem  !MPT  delivery  to  offset  the 
shadow  by  using  pencil  beams  to  selectively  increase  the  dose  in  the  region  downstream  of 
the  transponder,  assuming  the  treatment  planning  system  can  be  made  to  calculate  the  dose 
in  the  shadow  to  a  reasonable  accuracy.  A  challenge  for  Lhis  technique  will  be  the  robustness 
of  the  plan  to  the  usual  treatment  delivery  errors:  setup  and  motion  errors  arc  minimized 
by  the  transponder,  but  variations  in  patient  anatomy  causing  heterogeneity  misalignment 
with  respect  lo  the  transponders  needs  lo  be  considered  carefully.  Wc  now  have  a  validated 
simulation  method  which  we  are  using  lo  study  these  issues. 
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£♦  UoikIuMuxi* 

Beacon  ekctrornagnetk  transponders  could  he  used  for  patient  setup  and  moti on  management 
For  pinion  therapy  provided  some  guidelines  regarding  their  placement  and  onenlalion  with 
respect  Id  the  beam  eaii  he  irieL  If  a  (ransponder  is  implanted  or  migrates  to  within  5  mm 
of  the  FTV  boundary,  otir  findings  indicate  the  possibility  for  greater  than  10%  dose  shadow 
denmstoun  of  the  transponder.  Much  larger  shadowing  has  been  observed  downstream  of 
Implanted  gold  fiducial  markers.  In  cases  of  difficult  transponder  positions,  options  lo  minimize 
the  shadow  jncl ode  careful  plan  design  with  multiple  beam  angles  to  distribute  the  shadow 
ova  a  larger  volume*  or  possibly  increasing  the  dose  in  the  expected  shadow  region  tu  offset 
the  deficit,  if  the  modality  allow  s,  though  of  course  it  would  he  necessary  to  consider  the 
robustness  of  the  technique  to  the  delivery  uncertainties. 
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conclusions  and  rceofnmendMitms  are  those  of  the  author  and  are  not  necessarily  cwdmwod  by 
the  LTS  Army. 
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